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MISSION 


Tho  International  Wire  and  Cable  Symposium  provides  a  forum  for  the  exchange  of  technical 
information  amongst  suppliers,  manufacturers,  and  users  on  technological  advancements  in 
materials,  processes,  and  products  used  for  voice,  data  and  video  signal  transmission  systems. 


TECHNICAL  SESSIONS 
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9:00  a.m. 
1:30  p.m. 
1:30  p.m. 
1:30  p.m. 

SESSION  1 
SESSION  II 
SESSION  III 
SESSION  IV 

Global  Markets  for  Communication  Cables 

Optical  Fiber  and  Cable  Design  1 

Copper  Telecommunication  Cables  and  Networks 

Military  Applications 

Wednesday,  November  14, 1990 

8:30  a.m. 
8:30  a.m. 
8:30  a.m. 
2:00  p.m. 
2:00  p.m. 
2:00  p.m. 
3:30  p.m. 

SESSION  V 
SESSION  VI 
SESSION  VII 
SESSION  VIII 
SESSION  IX 
SESSION  X 
SESSION  XI 

Optical  Fiber  and  Cable  Design  II 

Environmental  Effects  on  Cables  and  Systems 

Splicing  and  Connectorization  Technology 

Fiber  Optic  Cable  Installation 

Thermal  Aging  of  Plastic  Insulated  Conductors 

Technology  Advancements  in  CopperTelephone  Cable  Production 
Poster  Session 

Thursday,  November  15, 1990 

8:30  a.m. 
8:30  a.m. 
8:30  a.m. 
1:00  p.m. 
1:00  p.m. 
1:00  p.m. 

SESSION  XII 
SESSION  XIII 
SESSION  XIV 
SESSION  XV 
SESSION  XVI 
SESSION  XVII 

Fiber  Optic  and  Superconductor  Cable  Applications 
Telecommunication  Networks  in  the  European  Community 
Testing  of  Cables,  Components  and  Materials  1 

Fire  Hazard  Considerations 

Impact  of  Coating  Properties  on  Fiber  Performance 

Testing  of  Cables,  Components  and  Materials  II 

PAPERS 

The  papers  in  this  volume  were  printed  directly  from  unedited  reproducible  copies  prepared  by  the 
authors.  Responsibility  for  contents  rests  upon  the  authors  and  not  the  symposium  committee  or  its 
members.  After  the  symposium,  all  the  publication  rights  of  each  paper  are  reserved  by  their  authors, 
and  requests  for  republication  of  paper  should  be  addressed  to  the  appropriate  author.  Abstracting  is 
permitted,  and  it  would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are 
republished.  Requests  for  individual  copies  of  papers  should  be  addressed  to  the  authors. 
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MESSAGE  FROM  THE  PRESIDENT/DIRECTOR 


This  year's  exciting  program  should  provide  the  assurance  for  another 
successful  symposium.  It  is  with  this  assurance  that  I  welcome  each  one,  on 
behalf  of  the  International  Wire  and  Cable  Symposium  (IWCS)  Committee  and 
CECOM,  Fort  Monmouth,  New  Jersey  to  this  year's  major  technical  event  on  wire/ 
cable  technology.  The  technical  program,  as  always,  is  considered  unique, 
since  with  the  large  worldwide  response  to  the  call-for-paper ,  the  program 
includes  information  on  the  latest  developments/advancements  on  wires,  cables, 
materials  and  cable  systems  from  more  than  sixteen  different  countries. 

The  overall  objective  of  the  committee  is  for  the  symposium  to  remain  a 
reflection  of  the  needs  and  interest  of  its  attendees  and  contributors, 
therefore,  it  is  hoped  that  the  technical  program  will  always  include  topics  of 
pertinent  interest  to  all  wire,  cable,  materials  and  connector  manufacturers/ 
users.  The  program  will  at  all  times  be  a  reflection  of  the  current  interests 
as  indicated  by  the  response  to  the  call-for-papers .  In  addition,  this  year's 
opening  tutorial  session  entitled  "Global  Markets  for  Communication  Cables"  and 
the  special  or  invited  sessions  are  intended  to  provide  information  on  a 
technology  that  is  constantly  changing  and  should  again  provide  the  interest 
for  an  exciting  symposium. 

Committee  member  Dr.;  C.  Ronald  Simpkins  of  the  E.I.  DuPont  de  Nemours  & 

Co.,  Inc.  and  Mr..  George  Webster  of  AT&T  Bell  Laboratories  are  retiring  from 
the  committee.  Ron  and  George,  by  their  efforts  and  specialized  knowledge, 
contributed  significantly  to  the  success  of  the  symposium.  On  behalf  of  the 
IWCS  Committee,  I  extend  to  each  a  very  special  thanks  for  their  sincere 
dedication,  cooperation  and  support  of  the  symposium  objectives.  The  committee 
was  saddened  by  the  untimely  death  this  year  of  committee  member  Robert  Streich 
of  AT&T  Network  Systems,  Pheonix,  AZ.  Bob  will  be  long  remembered  by  his 
committee  members  and  business  associates  for  his  many  valuable  contributions 
to  the  IWCS  Committee  and  the  wire/cable  industry. 

The  committee  continues  to  explore  new  ideas  for  improving  the  technical 
level  of  the  symposium  activities.  Therefore,  the  committee  solicits  and  need 
the  continued  support  of  all  members  of  the  wire  and  cable  industry.  Your 
comments  and  suggestions  for  improving  the  symposium  are  welcomed. 

The  1991  Symposium  (40th)  will  be  in  St.  Louis,  Missouri  at  the  Adam's  Mark 
Hotel.  The  1992  (41st)  Symposium  will  return  to  Bally's  Reno  Hotel,  Reno, 
Nevada . 
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AWARDS 


Outstanding  Technical  Paper 

Best  Presentation 

H.  Lubars  and  J.  A.  Olszewski,  General  Cable  Corp.  - 
"Analysis  of  Structural  Return  loss  in  CATV  Coaxial 
Cable” 

1968 

N.  Dean,  B.I.C.C.  -  "The  Development  of  Fully  Filled  Ca¬ 
bles  tor  Distribution  Network” 

J.  P.  McCann,  R.  Sabia  and  B.  Wargotz,  Bell  Laborato¬ 
ries— "Characterization  of  Filler  and  Insulation  in 
Waterproof  Cable" 

1969 

J.  D.  Kirk,  Alberta  Government  Telephones— 
“Progress  and  pitfalls  of  Rural  Buried  Cable” 

D,  E.  Setzer  and  A.  S.  Windeler,  Bell  Laboratories— 

“A  Low  Capacitance  Cable  for  the  T2  Digital  Trans¬ 
mission  line” 

1970 

Dr.  0.  Leuchs,  Kable  ar.il  Metalwerke— “A  New  Self-Ex¬ 
tinguishing  Hydrogen  Chloride  Binding  PVC  Jacketing 
Compound  foi  Cables” 

R.  Lyenger,  R.  McClean  and  T.  McManus,  Bell  Northern 
Research— “An  Advanced  Multi-Unit  Coaxial  Cable  for 
Toll  PCM  Systems” 

1971 

S.  Nordblad,  Telefonaktiebolaget  L.  M.  Ericsson— "Multi- 
Paired  Cable  of  Nonlayer  Design  for  Low  Capacitance 
Unbalance  Telecommunications  Network 

N.  Kojima  Nippon  Telegraph  and  Telephone - 
“New  Type  Paired  Cable  for  High  Speed  PCM  Trans¬ 
mission” 

J.  B.  Howard,  Bell  Laboratories— “Stabilization  Problems 
with  Low  Density  Polyethylene  Insulations” 

1972 

S.  Kaufman,  Bell  Laboratories— “Reclamation  of  Water- 
Logged  Buried  PIC  Telephone  Cable” 

Dr.H.  Margin,  Kabelmetal— “High  Power  Radio  Fre¬ 
quency  Coaxial  Cables,  Their  Design  and  Rating” 

1973 

R.  J.  Oakley,  Northern  Electric  Co.,  Ltd.— "A  Study  Into 
Paired  Cable  Crosstalk” 

D.  Doty,  AMP  Inc. -"Mass  Wire  Insulation  Displacing 
Termination  of  Flat  Cable" 

1974 

G.  H.  Webster,  Bell  Laboratories— “Material  Savings  by 
Design  in  Exchange  and  Trunk  Telephone  Cable” 

T.  S  Choo,  Dow  Chemical  U. S. A.  -  “Corrosion  Studies 
on  Shielding  Materials  for  Underground  Telephone  Ca¬ 
bles” 

N.  J.  Cogelia,  Bell  Telephone  Laboratories  and  G.  K.  La¬ 
voie  and  J.  F.  Glahn,  US  Department  of  Inte¬ 
rior- “Rodent  Biting  Pressure  and  Chemical  Action 
and  Their  Effects  on  Wire  and  Cable  Sheath” 

1975 

J.  E.  Wimsey,  United  States  Air  Force— “The  Bare  Base 
Electrical  Systems” 

1976 

Michael  DeLucia,  Naval  Ship  Research  and  Develop¬ 
ment  -  “Highly  Fire-Retardant  Navy  Shipboard  Cable” 

T  K.  McManus,  Northern  Telecom  Canada  Ltd.  and  R. 
Beveridge,  Saskatchewan  Telecommunications,  Can¬ 
ada— "A  New  Generation  of  Filled  Core  Cable” 

1977 

William  L.  Schmacher,  AMP  Inc.— “Design  Considera¬ 
tions  for  Single  Fiber  Connector” 

F.  Suzuki,  S.  Sato,  A.  Mori  and  Y.  Suzuki;  Sumitomo  Elec¬ 
tric  Industries,  Ltd.  Japan— “Microcoaxial  Cables  In¬ 
sulated  with  Highly  Expanded  Polyethylene  By 
Chemical  Blowing  Method” 

1978 

Richard  C.  Mondello,  Bell  Labs.— "Design  and  Manufac¬ 
ture  of  an  Experimental  Lightguide  Cable  For  Undersea 
Transmission  Systems" 

S.  Masaki,  Y,  Yamazaki  and  T.  Ideguchi,  Nippon  Telegraph 
and  Telephone  Puolic  Corporation,  Japan— “New  Alu¬ 
minum  Sheath  Cable  Used  for  Electromagnetic  Shield¬ 
ing” 

P  Kish  and  Y.  BeBorgne,  Northern  Telecom  Canada  Lim¬ 
ited, Motreal,  Canada— "General  Crosstalk  Model  For 
Paired  Communication  Cables" 

1979 

1.  Wadehra,  IBM  Corporation— “Performance  of  Polyvinyl 
Chloride  Communication  Cables  in  Modified  Steiner 
Tunnel  Test” 

1980 

J.  J.  Refi,  Bell  Laboratories— “Mean  Power  Sum  Far-End 
Crosstalk  of  PIC  Cables  as  a  Function  of  Average  Twist 
Helix  Angle” 

C.  J.  Arroyo,  N.  J. Cogelia,  Bell  Laboratories,  and  B.  J. 
Darsey,  Western  Electric— "Thermal  Behavior  of  Ex¬ 
perimental  Plenum  Cable  Sheaths  Determined  in  a  Ra¬ 
diant  Heat  Chamber" 

1981 

G.  S.  Anderson,  Belden  Corporation— “Installation  of  Fi¬ 
ber  Optic  Cable  on  457  Meter  Tower” 

R.  H.  Whiteley,  Raychem  Ltd.— “A  Comprehensive  Small 
Scale  Smoke  Test” 

1982 

A.  Yoshizawa,  The  Furukawa  Electric  Co.,  Ltd.— “Struc¬ 
ture  and  Characteristics  of  Cables  for  Robots” 

V  A.  Fentress,  Raychem  Corp.  and  D.  V.  Nelson,  Stanford 
University— “Fracture  Mechanics  Evaluation  of  the 
Static  Fatigue  Life  of  Optical  Fibers  in  Bending” 

1983 

J.  R.  Bury,  Standard  Telecommunication  Laboratories, 
Ltd.,  Hailow,  England— “Development  of  Flame  Re¬ 
tardant,  Low  Aggressivity  Cables" 

M.  Fujise  and  Y.  Iwamoto,  KDD  Research  &  Development 
Laboratories,  Tokyo,  Japan— “Self-Core-Alignment 
Arc-Fusion  Splicer  Based  on  a  Simple  Local  Monitor¬ 
ing  Method” 

1984 

William  E.  Dennis,  Dow  Corning  Corporation,  Midland, 
Michigan— “Hydrogen  Evolving  Tendencies  of  Cable 
Fillers  and  Optical  Fiber  Coatings” 

James  A.  Krabec  and  John  W.  Kincaid,  Jr.,  Belden  Tech¬ 
nical  Research  Center— “Advances  in  the  Optimiza¬ 
tion  of  Multi-Layer  Shield  Design” 

1985 

Stephen  Hornung,  British  Telecom  Research  Laborato¬ 
ries— "Manufacture  and  Performance  of  Fibre  Units 
for  Installation  by  The  Viscous  Drag  of  Air” 

Simon  D.  Dadakarides  and  Bruce  B.  Lusignam,  Stanford 
University— “Magnetically  Loaded  Cables” 

1986 

Dave  Fischer,  Superior  Cable  Corp.— “Progress  Towards 
the  Development  of  Lighting  Test  for  Telecommuni¬ 
cation  Cables” 

John  C.  Chamberlain,  Siecor  Corp.— “Zero  Halogen  Fire 
Retardant  Fiber  Optic  Shipboard  Cable” 

Outstanding  Technical  Paper 
1987 

Stephen  B.  Pierce— Conel 
Laboratories— “Digital  Transmission  on 
Customer  Premises  Wiring” 

1988 

Martin  C.  Light  Jr.,  James  A.  Moses, 
Mark  A.  Sigmon  and  Christopher  A. 
Story -Siecoi  Corp.  -  “Design  and 
Performance  of  Telecommunication 
Cable  Optimized  for  low  Fiber 
Count” 


1989 

Outstanding  Technical  Paper 
Michel  Plasse,  Lise  Desroches  and  Paul- 
Andre  Guilbert  -  Northern  Telecom  Can¬ 
ada  Limited  -  "High  Performance  Twisted- 
Pair  Cable  for  LAN  Systems” 


Outstanding  Poster  Paper 

William  Wood— Bell  Communication  Re¬ 
search  “Performance  Analysis  of  Optic 
Fiber  Cleavers" 


Dr.  R.  Raman  -  Contel  Laboratories 
—“Loss  at  Dissimilar  Fiber  Splices” 


Outstanding  Poster  Paper 
Werner  Bernard  and  Susan  C.  Grant  -  Sie- 
cor  Corporation  -  "Fiber  Optic  Drop  Ca¬ 
bles  in  the  Subscriber  Loop" 


Best  Presentation 

Richard  Rossi— General  Cable  Company 
“Cable  Sheathing  Design  and  Perform¬ 
ance  Criteria” 


Janice  B.  Haber  -  AT&T  Laboratories 
“Single-Mode  Media  and  Apparatus  for 
Fiber  to  the  Home” 


Best  Presentation 

Michel  de  Vecchis  •  Les  Cables  de  Lyon 
-  “Results  on  a  Large  Scale  Installation 
of  a  Fibre  Optic  Distribution  Network” 
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CONTRIBUTORS 
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the  Exchange  Carriers  Standards 
Association.  In  this  position  he  is 
responsible  for  all  administrative 
activities  for  the  technical  committees  and 
disciplines  of  the  Association.  These 
include:  the  Exchange  Telephone  Group 
Committee,  accredited  Committee  Tl-Tele- 
communi cations,  and  the  International 
Relations  group. 

Mr.  Gusella  started  with  ECSA  in  January 
1984  after  retiring  from  GTE.  He  is  active  in 
CCITT,  where  he  is  head  of  the  U.S.  Delegation 
to  study  Group  XI;  ANSI;  IFAC-2;  and  the  USTR 
where  he  has  recently  been  a  member  of  two 
U.S.  Trade  Missions. 

He  and  his  wife,  Marlene,  reside  in 
Germantown,  Maryland. 
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AWARDS  LUNCHEON 


Joseph  J.  Pueilowski,  Jr. 

Director,  CECOM  Center  for  Command, 
Control  and  Communications  Systems 

U.S.  Army  Communioations-Electronios 
Command,  Fort  Monmouth,  NJ 

Mr.  Joseph  J.  Pueilowski,  Jr.  was 
appointed  as  Director  of  the  CECOM  Center 
for  Command,  Control  and  Communications 
(C3)  Systems,  U.S.  Army  Commun i cat ions - 
Electronics  Command  (CECOM),  August  1990. 

He  has  command  responsibility  for  planning, 
coordinating,  managing  and  implementing 
internal  and  external  research,  development 
and  engineering  programs  to  fill  the  Army’s 
tactical  C3  needs,  while  also  providing 
full  technical  support  to  U.S.  Army  Program 
Executive  Officers  and  Project  Managers  in 
C3.  He  leads  and  manages  300  engineers  and 
scientists  in  the  execution  of  these 
tasks.  In  his  27  years  of  government 
experience,  he  has  been  involved  in  many 
aspects  of  Research  and  Development  for 
Command,  Control  and  Communications 
Systems. 

He  received  a  Bachelor  of  Arts  in 
Physics,  with  a  minor  in  Mathematics  from 
Rutgers  University,  and  a  Master  of  Science 
in  Electrical  Engineering  from  Fairleigh 
Dickinson  University.  He  was  appointed  by 
the  Secretary  of  the  Army  to  the  Senior 
Executive  Service  in  November  1986. 

In  his  previous  assignment  as  Director  of 
the  Product  Assurance  and  Test  Directorate, 
(CECOM) ,  he  had  command  responsibility  for  the 
development  and  execution  of  Reliability, 
Maintainability,  Quality  Assurance  and  Testing 
for  all  CECOM  R&D  and  production  programs. 

Mr.  Pueilowski 's  assignments  have 
included:  Associate  Director  for  Research  and 
Technology  and  Associate  Technical  Director 
for  Automation,  for  the  CECOM  Research, 


Development  and  Engineering  Center,  Associate 
Director  for  Information  Processing 
Technology,  in  the  Center  for  Communications/ 
Automatic  Data  Processing,  and  Deputy  Director 
and  Acting  Director  of  the  Center  for  Tactical 
Computer  Systems,  U.S.  Army  CECOM,  Fort 
Monmouth 

Mr.  Pueilowski  serves  on  the  Executive 
Committee  and  is  also  a  Director  for  the  Fort 
Monmouth  Chapter  of  the  Armed  Forces 
Communications  and  Electronics  Association 
(AFCEA) .  He  is  a  past  President  and  was  the 
Chairman  of  the  14th  Annual  AFCEA  Symposium. 

He  also  serves  as  an  Honorary  Advisor  Member 
of  the  Board  of  AUSA. 

Mr.  Pueilowski  served  as  the  United  States 
representative  to  NATO  SubQroup  IX,  Defense 
Equipment  Reliability  and  Maintainability 
(RAM)  Assurance  and  as  a  member  of  the 
American  British  Canadian  Australian  (ABCA) 
Committee  on  RAM.  He  has  been  Chairman  of  the 
DoD  Technology  of  Distributed  C3  Systems 
subpanel  while  a  member  of  the  DoD  C3 
Technology  Assessment  Steering  Qroup.  He  has 
been  a  member  of  the  N.J.  Department  of  Higher 
Education’s  Panel  on  Faculty  Development  in 
Telecommunications  and  Army  Member  of  the 
Joint  Logistic  Commanders  (JLC) /Joint 
Directors  of  Laboratories  (JDL)  Subcommittee 
on  Computer  Sciences,  as  well  as,  an  ad-hoc 
member  of  the  JLC/ JDL  subcommittee  on  C3.  He 
has  published  or  presented  thirty-three 
technical  papers. 

He  is  married  to  the  former  Maryann 
Giambalvo.  They  have  six  children--Adam, 
Joseph,  Linda  Ann,  Mary,  Kristin  and 
Franeine. 
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Arthur  W.  Brothers 
President 

The  Beehive  Telephone  Company 
Lakepoint,  UT 


Art  celebrates  his  60th  birthday  next 
month. 

Many  of  us  are  regular  readers  of  his 
stories  in  Telephone  Engineering  and 
Management  magazine.  Art  has  been  writing 
those  stories  for  ten  years.  Many  of  us 
turn  to  the  back  page  of  TE&M  -  and  if  ‘The 
Party  Line*  is  not  there,  the  magazine  goes 
to  file  13. 

Art's  column  permits  us  to  get  ‘down  in 
the  trenches*  of  daily  problems  of  a  tiny 
telco  serving  the  left-overs.  Art's 
service  areas  are  those  tiny  pockets  of 
people  whom,  as  the  Wall  Street  Journal 
says  'were  passed  over  by  the  larger 
companies  as  not  being  profitable  to 
serve. * 


high  school  at  age  17  and  joined  the  U.S.  Air 
Force.  Five  years  later  he  was  discharged 
with  five  bronze  stars  from  Korea,  and  a  solid 
background  in  all  phases  of  tube  and 
mechanical  electronics. 

Things  have  changed. 

During  his  four  years  at  the  University  of 
Utah,  Art  distinguished  himself  by: 

(1)  Getting  more  (unpaid)  traffic  tickets 
than  any  other  student. 

(2)  Making  it  through  his  major  in 
Business  Management. 

(3)  Working  a  lot  -  repairing  TV  sets  and 
buying/selling  war  surplus  radios. 

(4)  And  occasionally,  going  out  on  dates. 

(5)  Going  to  law  school  for  5  months. 

(6)  Turning  down  a  Job  with  Bank  of 
America  ‘to  help  them  computerize  their 
bank.*  (Art  says  they  did  not  offer  him 
enough  money  -  and  he  didn't  know  you  could 
bargain  for  more  -  they  didn't  teach  that  in 
business  management. ) 

So  he  went  to  Hew  York  City  as  an 
assistant  Editor  for  the  Amateur  Radio 
magazine  *CQ.'  Art  says  it  was  like  paying 
him  to  play.  Amateur  Radio  has  always  been 
his  hobby. 


The  Beehive  Telephone  Company  is  known 
throughout  Utah  as  an  aggressive  David, 
battling  the  Goliath  of  U.S.  West,  AT&T, 
Government,  States,  Counties,  and  Cities. 

He  has  been  featured  on  numerous  TV 
broadcasts  and  in  local  and  national 
newspaper  articles. 

The  University  of  Wyoming  has  set  aside 
a  special  section  in  its  Western  History 
Department  as  a  repository  of  information 
about  Art  and  his  efforts  to  provide 
telephone  to  rural  areas.  Many  isolated 
areas,  from  the  islands  off  Maine,  to  the 
islands  off  California  -  got  their  phones 
from  individuals  who  received  their 
encouragement  by  the  example  of  Art’s 
'leading  the  way*  -  or  from  the  larger 
companies  that  'got  off  their  duff  Just  to 
‘keep  him  out. * 

Art  was  born  in  Salt  Lake  City.  His 
parents  died  at  an  early  age,  and  he  was 
raised  as  a  ward  of  the  State  until  he  left 


From  New  York,  Art  went  to  California  and 
Edited  a  small  regional  Amateur  Radio 
publication  on  the  side.  He  worked  in  a 
variety  of  electronics  industry  positions  and 
eventually  started  his  own  company  as  a 
manufactures  representative. 

In  1963  Art  filed  for  and  received 
authority  from  the  State  of  Utah  to  provide 
telephone  service  to  northwest  Utah.  His 
first  system  was  turned  up  in  January  of 
1966.  From  then  on,  Art  has  literally  plowed 
the  money  back  into  the  ground  as  he  upgraded 
from  surplus  cable  on  fences,  to  fiber  today. 

Beehive  has  nine  digital  Central  Offices 
and  over  450  route  miles  of  toll  serving  a 
total  of  600  customers  in  Utah  and  Nevada. 

Art  has  appeared  as  expert  witness  before 
the  Federal  Communications  Commission,  and 
Public  Utilities  Commissions  in  several 
States. 
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LOW  LOSS  HEAT  RESISTANT  PLASTIC  CLADDING  FIBER 
WITH  POLYORGANOSILSESQUIOXANE  CLADDIGNG 

M.Honjo  ,  Y.Matsuda  and  T.Yaraanishi 

Sumitomo  Electric  Industies,  Ltd. 
l,Taya-cho,  Sakae-ku,  Yokohama,  Japan 


Abs  t  i'jc  t 

A  plastic  cladding  optical  fibei  (PCF.-  with  a 
po 1 ys i 1 sesqu i oxane  (a  laddei  polysiloxane  > 
cladding  was  developed.  Hits  laddei  po  1  vs i  I oxane 
cladding  fiber  has  highel  optical  and  mechanical 
pioperties  than  that  of  a  lineal 

pu  1  ys 1 1 oxanecl add i ng  fibei  oi  a  f 1 uoi  oacry I  a t e 
cladding  fiber.  The  attenuation  at  0.81  n  m 
wavelength  and  the  numerical  apeituie  foi  the 
l.S-PCF  ai  e  4.2dB/Km  and  O.-i  l  espec 1 1  ve  1  y .  The 
pi  i Diary  advantage  of  the  IS-PCF  is  superior 
theimal  stability  than  that  of  the  conventional 
Plastic  cladding  fibers.  The  l.S-PCF  also  has 

the  capability  to  the  ciimp  and  cleave  optical 
connectoi  system,-  because  the  laddei  polysiloxane 
cladding  layer  is  enough  hard  tu  be  connec toi i zed 
mechan i cal  1 y . 

1  .  1  r  -due  t  ion 

ncccntly  PCF  has  b  d  foi  vaiious  purposes 

such  as  an  optical  short  link  system,  a  medical 
application  and  an  optical  fiber  sensor. 

A  ladder  siloxane  polymei  has  been  investigated 
as  a  coating  material  foi  the  optical  fibei,, 
because  of  its  coating  capability  and  excellent 
physical  properties  including  abrasion  lesistance 
and  thermal  stabi 1 Ity. 

However  the  successful  application  of  the 
ladder  siloxane  polymer  to  the  PCF  utilizing  its 
optical  purity  and  appropriate  refractive  index 
as  a  cladding  material  have  not  been  reported. 

We  developed  the  LS-PCF  which  has  higher 
optical  and  mechanical  properties  than  that  of 
the  conventional  PCF  such  as  a  linear 
polysiloxane  cladding  fiber  or  a  f I oroacry 1  a te 
cladding  fiber. 


ch3  ch3  C|-|3 

— Si-O-Si-O-Si — 

t  ?  ? 

—Si-O-Si-O-Si— 

ch3  ch3  C|-|3 

Fig  1  Slracturo  for  a  ladder  polysiloxane. 


2 .Character i s t i cs  of  Ladder  Polysiloxane 
The  laddei  polysiloxane  has  an  inteimediate 
moleculai  stiuctuie  between  the  oiganic 
polysiloxane  and  the  inorganic  polysiloxane.  The 
idealized  molecular  structure  of  a  ladder 
polysiloxane  is  shown  in  Fig.l.  The  specific 
ladder  polysiloxane  which  has  methyl  pendant 
groups  was  selected  as  the  cladding  material  in 
consideration  with  refractive  index.  The  methyl 
ladder  siloxane  polymer  has  lower  refiactive 

index  than  that  of  the  silica  glass  and 
sufficient  iigidily,  enough  thermal  stability. 

In  order  to  make  a  film  of  ladder 
po) ys i 1 oxane, the  solution  of  ladder  siloxane  is 
prepared  by  dissolving  ladder  siloxane  oligomer 
in  a  solvent.  The  ladder  siloxane  oligomer  has 
hydroxy  and  ethoxy  functional  groups  as  the 
terminal  groups  and  polymerizes  by  dehydration 
and  condensation  reactions  of  the  terminal 
functional  groups..  The  selection  of  the  solvent 
was  carefully  considered  in  view  of  the 
solubility  and  reactivity  with  the  ladder 
si loxane  polymer. 
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Table  1  Properties  of  the  ladder  polysiloxane 


hardness (Shore  D) 

50 

Young's  modulus 

100kg/mm2 

elongation 

8X 

refractive  index  n25s 

1.42 

coefficient  of 
linear  expansion 

5xl0"s’ C" 1 

Finally  we  found  that  the  solvents  containing 
-ROH  groups  had  good  solubility  and  reactivity 
with  the  ladder  polysiloxane.  The  polymer 
solution  cures  by  vaporization  of  the  solvent  and 
polymerization  of  the  ladder  siloxane  oligomer  by 
the  dehydration  and  the  condensation  reactions 
with  HaO  and  CaHsOH  as  byproducts.  During  cure,; 
the  solvent  is  also  taken  into  the  ladder 
polysiloxane,  because  -ROH  groups  of  the  solvent 
also  react  with  the  functional  groups  of  the 
ladder  siloxane  oligomer. 

A  film  of  200  a*  m  in  thickness  of  the  ladder 
polysiloxane  was  prepared  by  two  steps  of  heat 

treatment  at  60  X!  for  24  hours  and  at  120  *C 
for  24  hours.  The  evaluation  results  of  the  film 
sample  weie  shown  in  Table  1.  The  ladder 
polysiloxane  has  higher  hardness  and  lower 
coefficient  of  linear  expansion  than  that  of  the 
ordinary  organic  polymers  because  of  its 
intermediate  molecular  stracture  between  the 
organic  materials  and  the  inorganic  materials. 

Simultaneously  the  ladder  polysiloxane  has  good 
stability  in  high  temperture.  The  weight  change 
of  the  ladder  polysiloxane  films  measuied  by 
thermogravimetry  at  elevated  temperatures  is 
shown  in  Fig. 2 

The  weight  loss  below  200  "C  are  due  to  the 
evaporation  of  some  part  of  the  solvent.  The 
uncured  oligomer  and  the  byproducts  of  curing 
reaction  vaporize  in  the  temperature  range  of  200 
"C  to  400  *C .  Above  400  *C ,,  the  methyl  pendant 
groups  of  the  ladder  polysiloxane  main  chain 
decomposed.  The  amount  of  the  weight  loss  of  the 
ladder  polysiloxane  is  very  little  compared  with 
that  of  the  linear  polysiloxane  and  the  oth,er 
organic  polymers. 


Fig.  2  Weight  loss  of  ladder  polysiloxane 
at  high  temperature. 


3.Fiber  Fabrication 

The  polymer  solution  of  ladder  siloxane  was 
prepared  in  the  s.’.ne  manner  with  the  above 

mentioned  film  preparation.  The  viscosity  was 
adjusted  to  about  3 OOOcps  by  adding  the 
appropriate  amount  of  the  solvent.  The  LS-PCF  was 
manufactured  by  drawing  a  pure  silica  fiber  to  a 
diameter  of  200  ai  m  and  coating  the  polymer 

solution  onto  the  pure  silica  fiber  to  a  diameter 

of  240  p  m  as  shown  in  Fig. 3.. 

The  coating  layer  was  dried  and  cured  by 

passing  the  curing  furnace  located  Just  below  the 
coating  applicater.  The  curing  temperature  of  the 

ladder  siloxane  cladding  was  about  250  "C. 


Fig.  3  Cross  section  of  CS-PCF. 
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4 . Proprert i es  of  LS-PCF 


4-1 .Transmission  proper  ties. 

Typical  spectral  attenuation  for  the  LS-PCF  Is 
shown  In  Fig. 4.  The  attenuation  loss  at  0.81  p  m 
wavelength  and  the  numerical  aperture  are  4.2 
dB/km  and  0.4  respectively. 

The  polts  of  a  vs.  1/  A  A  indicated  that  the 
attenuation  loss  corresponding  to  the  structural 
irregularity  Is  less  than  ldB/km  as  shown  in 
Fi.5.  Fig. 6  shows  the  attenuation  loss  at  low 
temperatures  for  1km  length  fiber.  The  loss 
increase  at  -20  *C  is  0.93dB/km.  This  value  is 
nearly  equal  to  that  of  f luoroacryiate  cladding 
fiber  and  much  lower  than  that  of  linear 
polysiloxane  cladding  fiber.  This  is  due  to 
sufficient  low  linear  expansion  coefficient  of 
the  ladder  polysiloxane.  The  transmission  loss 
change  in  high  humidity  condition  of  60  tC  95XRH 
is  less  than  O.SdB/km. 


1  /  X  a 

Fig.  5  Plots  of  a  vs.  1/A4  for  LS-PCF. 


Wave  1 ength<  v  m) 


Pig.  4  Spectral  attenuation  for  LS-PCF. 


Tempeuture  CO 


Fig.  6  Attenuation  loss  increase  for  LS-PCF  at  low 
temperature. 


4-2.Mechanical  properties. 

Fig. 7  shows  the  Keibull  plots  of  tensile 
strength  for  the  LS-PCF  measured  oh  300mm  gage 
length  with  lOOrom/min  tensile  speed.  The  LS-PCF 
has  the  sufficient  strength  and  no  low  strength 
region,  because  the  glass  fiber  surface  is 
protected  from  an  external  attack  by  the  hard 
cladding  layer.  The  repeated  bending  test  was 


conducted  with  2  seconds  repetition  period  at  23 
"C  in  air  as  shown  in  Fig. 8.  The  fibers  were  bent 
90  degrees  around  the  mandrel  of  5mm  diameter  for 
both  side  vit*>  5g  tension.  The  repetition  number 
to  failure  was  30000  times.  The  LS-PCF  has 
excellent  flexibility  than  the  conventional  PCF. 

The  crimp  and  cleave  optical  connector  system 
was  applicable,  because  the  ladder  polysiloxane 
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Tensile  strength  (kg) 


Fig.  8  Method  of  repeated  bending  test. 


Fig.  7  Heibdl!  plots  of  tensile  strength 
for  tS-PCF. 

cladding  layer  is  hard  enough  to  be  conneclerized 
mcchnical  ly.  The  static  fatigue  of  the  LS-PCF 
was  evaluated  using  the  mandrel  winding  method. 
The  gage  length  of  specimens  was  lm  and  10 
specimens  were  tested  at  each  condition.  The 
static  fatigue  data  were  plotted  as  median  time 
to  failure  vs.  applied  strain  (Fig. 9).  Both  of 
the  fatigue  parameter  n  in  air  at  23  ”C  and  in 
water  at  23  X)  were  29.  This  value  is  superior 
to  the  ordinary  glass  fibers.  It  is  thought  that 
the  ladder  polysiloxane  cladding  layer  acts  as  a 
good  water  and  moisture  bairier. 


3.0  4.0  5.0 

Applied  strain  (I) 


Fig.  9  Static  fatigue  properties  for  LS-PCF. 


4-3. Thermal  stability 

The  LS-PCF  has  stable  optical  properties  in 
high  temperature  compared  with  the  conventional 
PCF.  The  conventional  PCF  showed  attenuation  loss 
Increase  after  125  "C  aging  as  shown  in  Fig. 10. 
In  a  case  of  the  LS-PCF,  no  loss  increase  for  the 
aged  fibers  at  125  "C  for  60  days  was  observed. 

We  monitered  the  attenuation  loss  increase  for 
the  LS-PCF  aged  at  180  *0.,  200  X:  and  230  XI. 

The  time  when  the  attenuation  loss  increase  was 
observed  was  ploled  against  the  temperature  in 
Fig. 11.  Arrhenius  plots  of  Fig. 11  indicate  that 
estimated  time  when  the  loss  increase  occur  in 
the  fiber  operated  at  150  X  is  1  year. 


0  7  15  30  60 


Aging  tune  (day) 


Fig.  10  Attenuation  loss  increase  for  LS-PCF 
after  aging  at  125"C. 
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Time  to  attenuation  loss  increase' (day) 


250  200  150  100 

Tempera lu re  (*C) 


Fig.  11  Arrhenius  plots  of  time  to  attenuation 
loss  increase  for  LS-PCF. 


S.ConcTuslofa 

The  first  application  of  the  ladder 
polyslloxahe  to  the  plastic  cladding  fiber  was 
successfully  conducted;  Newly  developed  LS-PCF 
has  higher  optical  and  mechanical  properties  than 
that  of  the  conventional  PCF. 

The  properties  of  the  LS-PCF  in  comparison 
with  the  conventional  PCF  are  shown  in  Table  2. 

The  remarkable  properties  of  the  LS-PCF  are  as 
fol lows; 

1)  The  LS-FCF  has  the  low  attenuation  loss 
and  the  high  numerical  aperture. 

2)  The  LS-PCF  is  superior  in  the  thermal 
stability  to  the  conventional  PCF. 

3)  The  LS-PCF  has  the  sufficient  tensile 
strength,  flexibility,  and  high  static 
fatigue  parameters. 

4)  The  crimp  and  cleave  optical  connector 
system  i s  appl icabl e. 


Table  2  The  transmission  characteristics  and  mechanical  properties  of  LS-PCF 


LS-PCK 

Linear  polysi loxane 
cladding  fiber 

Fluoroacylalo 
cladding  fiber 

Transmission  characteristics 

Attenuation  loss 

A=0. 81(i«  (dli/km) 

d 

d 

d 

NA 

l.=2n 

O.  d 

0.  d 

0.  5 

Attenuation  loss  increase 
at  -20C  (dB/km) 

0.  9 

2.  3 

1  .  0 

Attenuation  loss  increase 
after  aging  at  125C  for  30days 
(dD/km) 

<0.  1 

0.  3 

0.  0 

Hechanical  properties 

Tensile  strength 

l,-300mn  (kg) 

i  e 

1  B 

1  6 

Repealed  bending  test 

Sec d  mandrel 

repetition  number  to  failure 

30.  000 

5,  000 

30,  000 

Static  fatigue 

fi  value  St  23*C  ifi  3lf 

29 

2d 

2  9 

Appl ication  of 

cl  imp  t  cleave  connector 

o 

X 

O 
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Abstract  —  A  development  of  200pm  core  /  230pm 
cladding  Graded  Index  type  Hard  Plastic  Clad  Silica 
(H-PCS)  optical  fiber  which  employs  germanium  doped 
silica  glass  for  the  core  and  a  integrated  hard  protective 
polymer  for  the  cladding  is  presented.  Particular 
emphasis  is  placed  on  maximizing  bandwidth  performance 
with  inexpensive  short  wavelength  LED,  with  maintaining 
unique  characteristics  of  H-PCS  such  as  high  numerical 
aperture  (NA=0.4),  high  reliability  and  easy  termination 
with  crimp&cleave  type  optical  connectors  which  can  be 
assembled  in  3minutes  per  end.  Measurements  with  a 
surface  emitting  LED  of  850nm  exhibit  the  bandwidth  and 
optical  loss  of  more  than  80  MHz.km  and  less  than  7 
dB/knt  respectively,  and  maximum  coupled  optical  power 
of  lOdB  larger  than  that  of  a  typical  50pm  /  125pm  GI 
silica  fiber.  These  results  demonstrate  the  possibility  to 
realize  quite  economical,  easy-handling  fiber  optic  high 
speed  data-link  systems  for  Front-end  LAN  applications. 


I.  Introduction 

Recent  rapid  spreadding  of  Engineering  Work  Stations 
(EWSs)  and  personal  computers  with  high  performance  has 
been  accelerating  the  use  of  fiberoptic  high  speed  Local 
Area  Networks  (LANs)  for  the  effective  sharing  of 
increasing  infoimation  resources.  Par';cularly,  the 
standardization  of  the  FDDI  (Fiber  Distributed  Data 
Interface)  by  ANSI  (American  National  Standard  Institute), 
an  international,  standard  for  100  Mbps  tokenring  fiber 
optic  LAN  which  employs  long  wavelength  (?.=  1,300  nm) 
LED  for  the  E/O  device  and  62.5/125  pm  silica  fiber  for 
the  transmission  media  has  contributed  to  the  rapid 
market  growth  of  the  fiberoptic  LAN  equipments 
especially  in  the  field  of  Backbone  LAN  applications.  1 
On  the  other  hand,  because  of  the  practically  shorter 
distance  between  nodes  and  larger  number  of  node 
equipments,  the  Front-end  LAN  market  is  much  more 
sensitive  to  the  cost  of  node  equipments  than  the  Backbone 
LAN  market.  Therefore,  it  is  no  exaggeration  to  say  that 
the  growth  of  the  fiberoptic  Front-end'  LAN  market 
depends  on  the  cost  of  the  optical  data-link  (E/O,  O/E) 
devices  and  connector  assembling-works,  and  the  necessity 
for  considering  the  new  derivative  standards  has  begun  to 
be  proposed  to.realize  more  inexpensive  physical  layers  by 

using  for  example  low  cost  fiberoptic  datarlink  devices 
which  employ  short  wavelength  LEDs, 

Recently,  as  a  key  component  to  meet  such  demands  as 


realizing  economical  data-link  devices  and  easy  connector 
assembling  works,  Hard  Plastic  Clad  Silica  (H-PCS) 
Optical  Fiber,  S)  which  employs  silica  glass  for  the  core 
and  a  hard  protective  polymer  for  the  cladding,  has 
become  to  receive  much  attention.  II-PCS  is  a  unique  and 
attractive  optical  fiber  which  has  such  special  features  as; 

•  high  Numerical  Aperture  (NA=0.4)  and  large  core 
diameter  (200  pm)  accomplish  extremely  high 
coupling  efficiency  with  LED  and  allow  to  design 
economical  data-link  devices  and  connectors 

•  dramatically  easier  field  connector  assembly  works 
by  using  economical  "crimp  &  cleave"  type  7)new 
departure  optical  connectors 

(less  than  3  minutes  /  end) 

•  high  tensile  strength  and  reliability  during  rough 
handling  and  extreme  temperatures. 

•  low  transmission  loss  at  the  wavelength  range  of 
various  LEDs  (4  to  6  dB/km  at  700  to  870  nm), 

(7  to  10  dB/km  at  650  to  900  nm), 

(7  to  10  dB/knt  at  1300  nm) 

which  have  resulted  in  the  rapid  expansion  of  the  market 
share  for  the  II-PCS,  particularly  in  the  area  of  low  speed 
(up  to  10  Mbps)  short  distance  industrial  data-linhs  and 
Factory  Automation  LAN  systems  for  CIM  applications. 
The  H-PCS  has  recently  also  been  utilized  in  the  area  of 
higher  speed  Front-end  LAN  and  RGB  image  transmission 
applications  in  the  office  which  requires  minimum  data 
speed  of  100  to  250  Mbps  at  the  node  to  node  length  of  100 
to  500  meters.  These  new  applications  require  a  II-PCS 
type  new  fiber  with  an  even  larger  bandwidth  than  the 
previous  II  PCS,  because  the  bandwidth  characteristics  of 
the  previous  II-PCS  is  not  always  large  enough  to  realize 
the  maximum  demands  for  high  .speed  data  transmission  in 
this  application  field.  Hence,  In  order  to  extend  the 
application  field  of  H-PCS,  bandwidth  enlargement 
technology  is  strongiy  required. 

As  a  upper-compatible  line-up  of  200  pm  core,  230  |tm 
cladding  PCS  products  which  have  authorized  as  a  standard 
fiber  by  JIS  (Japanese  industrial  Standard)  and  are  under 
consideration  for  standardization  by  1EC,  the  authors 
developed  a  high  NA,  broad  bandwidth  new  II-PCS  fiber 
with  Graded  Index  (Cl)  core,  by.  optimizing  the  index 
profile,  and  designing' new  cladding  materials.  Maintaining 
the  attractive  features  of  the  conventional  Step  Index  (SI) 
IIPCS,  the  developed  fiber  .xhibited  much  higher  NA  and 
almost  the  same  bandwidth  properties  (more  than  80 
MHz.km)  as  the  50  pm  /  125  pm  GI  silica  fiber  with 
inexpensive  short  wavelength  LED  light  sources, 
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throughout  the  practical  operational  temperature  range. 
The  examination  of  the  various  basic  performance 
parameters  which  include  the  applicability  to  the  crimp  & 
cleave  type  optical  connectors  confirmed  that  this  new 
fiber  accomplished  the  requirements  for  practical  use  in 
this  field  of  applications.  In  this  paper,  we  report  the 
results  of  evaluations  we  made  on  the  various 
characteristics  of  the  GI  H-PCS  fiber. 


II.  Target  Specifications 

It  is  generally  known  that  most  of  the  transmission 
cable  lengths  between  nodes  for  intra-office  front-end 
LAN  are  no  more  than  100  meters.  In  this  transmission 
length,  conventional  200  /  230  |tm  Step  Index  (SI)  type 
H-PCS  fiber  can  realize  the  high-speed  data  transmission  of 
up  to  125  Mbps,  which  meets  the  data-rate  specification  of 
FDDI.  But  when  planning  a  fiberoptic  data  transmission 
system  with  high  universality,  system  designer  has  to 
employ  the  optical  fiber  which  meets  the  demand' of  the 
greatest  common  measure.  Therefore  it  was  unavoidable 
that  the  demand  for  higher  data-rate  and  longer 
transmission  distance  which  occupies  less  than  a  few 
percentages  of  the  total  demands  in  the  application  field, 
prevented  the  system  designer  from  employing  the  H-PCS 
fiber  which  has  such  unique  properties  as  indicated  above. 

The  purpose  of  the  fiber- development  in  this  paper  was 
to  eliminate  the  technical  limitation  of  the  application 
market  for  H-PCS  fibers,  and  to  provide  the  attractive 
features  of  H-PCS  fibers  for  LAN  system  customers.  The 


Transmission  length  (m) 

Figure  1.  Typical  transmission  bandwidth  characteristics 
for  50  / 125  pm  GI  silica  fiber 
with  various  types  of  semiconductor  light  source 


primary  design  target  was  to  achieve  the  bandwidth' 
properties  as  broad  as  that  of  the  standard  50  /125  pm  GI 
silica  fiber  with  using  economical  short-wavelength 
Surface  emitting  LED  (S-LED)  as  E/O  device.  Because 
of  the  effect  of  the  material  dispersion  of  the  fiber, as 
shown  in  Figure  1,  the  bandwidth  of  the  standard  50  /1 25 
mm  GI  silica  fiber,  which  exhibits  broad  bandwidth  of 
more  than  500  MHz.km  with  a  1 ,300  nm  LD  as  the  light 
source,  was  measured  to  be  approximately  80  MHz.km 
with  a  850  nm  S-LED  which  has  larger  spectrum  width. 
Therefore  the  target  value  for  the  bandwidth  of  new  fiber 
were  selected  to  be  80  MHz.km  (typical)  and  50  MHz.km 
(minimum).  The  secondary  design  target  were  to  keep 
structural  compatibility  with  the  conventional  H-PCS  fiber 
and  to  preserve  such  advantages  of  H-PCS  as  high  coupling 
efficiency  with  LED,  small  bending  loss,  high  tensile  / 
bending  strength,  large  operating  temperature  and  the 
applicability  to  the  crimp  &  cleave  type  optical  connectors. 

To  solve  the  trade-off  relationships  between  the 
bandwidth  property  and  the  bending  loss  /  coupling 
efficiency  properties  of  the  fiber,2)  the  optimization  of  the 
index  profile  which  include  the  design  of  the  refractive 
index  characteristics  of  the  cladding  material  was  essential. 

The  following  lists  the  target  specifications  for  the  GI 
H-PCS  optical  fiber. 


* 

* 

* 

* 


* 


* 


* 


* 


Maximum  NA 
Storage  temperature 
Operating  temperature 
Bandwidth 
with  850  nm  S-LED 
(Insertion  NA=0.25, 1  km] 
Optical  loss 
with  850  nm  S-LED 


:  0.4  or  larger 
:  -40  to  70  °C 
:  -20  to  70  °C 
:  80  MHz.km  (typical) 

:  50  MHz.km  (Minimum) 

:  5  dB/km  (Typical) 

:  6  dB/km  (Maximum) 


[Insertion  NA=0.25. 25  °C,  1  km] 

Optical  loss  increase  at  :  no  more  than  2  dB/1  km 
low  temperature  (-20  °Cy :  no  more  than  1.5  dB/1 00  m 
[Insertion  NA=0.25,  compared  with  25  °C) 


Bending  Loss 
by  10  turnsX5  mm  radius 
[Insertion  NA=0.25) 

Optical  loss  increase  by  : 
crimp  &  cleave  type 
connector  assembly 
[Insertion  NA=0.25, 1  m] 


no  more  titan  0.3  dB 

no  more  than  0.5  dB  /  end 
[with  CF-1 01 1  ,-2011  series 
JIS  F05.07  based 
connectors] 


HI.  Constructions  and  Index  Profiles 

Table  1  and  Figure  2,3  show  the  index  profile  and 
the  construction.of  the  newly  developed  GI  type  H-PCS  and 
the  con ventional  S I  type  H-PCS .  Both  fibers  have  a.core 
diameter  of  200  pm,  a  cladding  diameter  of  230  pm  and  a 
simple  construction  with  a  protective  coating,  of  0,5  mm 
diameter,  and  have  the  mechanical  compatibility  for 
connection  each  other; 
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Af  functions  of  the  core  diameter  (a),  the  maximum 
refractive  index  of  the  core  (111),  refractive  index  of  the 
cladding  (n2),  index  profile  multiplier  coefficient  of  the 
core  (a)  and  a  coefficient  to  determine  the  uncontinuity  of 
the  refractive  index  on  the  boundary  between  core  and 
cladding  (p),  the  index  profiles  of  Figure  2  are  given  by 
the  following  equations: 

m  [l-2pA(r/a)“]1/2  (0<r<a) 

n(r)  =  . (1) 

m=m[l-2pA]1/2  (a<r) 

where  A  =  (ni2-n22)/2tli2  . (2) 

Tlie  fiber  we  have  developed  this  time  is  what  is  called  a 
"Truncated"  type  G1  fiber  which  has  a  special  index  profile 
featured  by  p<  1. 


Figure  4  shows  the  cross  sections  of  typical  cords  and 
cable  that  use  the  GI  H-PCS  fiber.  Both  the  cord  and  cable 
have  the  same  construction  as  the  conventional  I-I-PCS 
products.  Therefore  various  types  of  crimp  &  cleave 
connectors  for  H-PCS  are  directly  applicable  for  the  new 
fiber. 


The  following  sections  provide  measured  characteristics 
of  the  GI  H-PCS  fiber  we  developed.  Unless  otherwise 
stated,  a  short-wavelength  S-LED  which  has  the  properties 
listed  in  Table  2  was  used  as  the  light  source  for  the 
measurements  under  the  excitation  conditions  listed  in  the 
same  table. 


Refiactive  Index  n  Refractive  Index  n 


Figure  2.  Index  profile  of  GI  and  SP1I-PCS  fiber 


Core 

PuroSifca  for  SI  H-PCF 
Go  doped  Silica  for  GI  H-PCF 

Hard  Plastic  Cladding 


ETFE  Coating 


Figure  3.  Construction  of  H-PCS  fiber 


(c)  Duplex  cable 

Figure  4.  Typical  cord/cablc  construction  for  GI  and  SI  H-PCS  fiber 


Table  1.  Construction  of  GI  and  SI  H-PCS  fiber 


Item 

Unit 

Specification 

SI  H-PCS 

Core  Diameter 

Hm 

200  ±5 

200  ±5 

Cladding  Diameter 

jim 

230iO-to 

230tO-io 

VrV IWUUU  V1IOVI 

pm 

-<6 

£6 

Coating  Diameter- 

4un 

500  ±50 

500±50 

Maximum  NA 

- 

0.4 

6.4 

A 

% 

3.6 

3.8 

a 

— 

2 

CO 

P 

- 

036 

0 

Table  2.  Specifications  of  LED  light  source  used  for  the 
measurement  of  the  characteristics  of  fibers 


Item 

Unit 

Type 

GaAIAs  S-LED 

Peak  wavelength 

nm 

850 

Spectrum  width 

hm 

45 

NA  50  %,FFP 

— 

0.17 

90  %  FFP 

— 

0.25 

Cutoff 

— 

0.28 

Spot  size  diameter 

mm 

>0.2 
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A.  Optical  Coupling  Efficiency  with  LED 

The  fiber.  Which  has  the  index  profile  featured  by.p  =1 
of  equation  (1)  is  so  called  the  matched  clad  type  optical 
fiber.  It  is  known  that  the  maximum  number  of  the 
transmission  modes  N  of  the  light  propagating. through  the 
matched  clad  fiber  is  obtained  by  the  following  equation: 


N=  { ot/(tx+2) }  a2k.2n  1 2A  . (3) 

where  k  =  2tc  /  A. 

In  case  of  p  *  1,  equation  (3)  is  extended  to  the  following: 
N-  (a/(a+2)}a2k2ili2p'w“A  . (4) 


When  all  the  transmission  modes  are  assumed  to  be 
uniformly  excited  by  a  LED  light  source,  the  maximum 
coupling  efficiency  between  light  source  and  fiber  is  in 
proportion  to  the  N  of  equation  (4). 

Optical  coupled  powers  with  LED  of  Table  2  for  the 
GI  and  SI  200/230  pm  H-PCS  fibers  were  compared  with 
that  for  a  typical  50/125  pm  GI  silica  fiber  of  A  =  0.1. 
The  results  of  measurement  are  shown  in  Table  3. 

B,  Spectral  Loss  Characteristics 

Figure  5  contains  typical  spectral  loss  characteristics 
for  simplex  fiber  cords  shown  in  Figure  4  (a)  that  use  the 
GI  and  SI  H-PCS  fibers  shown  in  Table  1.  Both  the 
fibers  exhibited  the  primary  and  secondary  low  loss  bands 
at  the  wavelength  range  of  730  to  890  nm  and  1,270  to 
1,320  nm  respectively.  Typical  values  of  measured 
optical  attenuation  for  GI  H-PCS  cord  under  the  excitation 
condition  of  NA=0.25  (90%  FFP)  were  approx.  4  to  5 
dB/ktn  at  850  nm  and  approx.  7  to  10  dB/kin  at  1,300  nm. 

C.  Bandwidth  Characteristics  (with  short-wavclcnpih  i.F.m 

We  measured  the  dependence  of  baseband  bandwidth 

characteristics  on  transmission  distance  for  the  200  /  230 
pm  GI  and  SI  H-PCS  simplex  fiber  cords  by  using  the  light 
source  in  Table1 2.  The  characteristic  for  a  typical  50  / 
125  pm  GI  silica  fiber  which  exhibits  the  bandwidth  of 
more  than  700  MHz.km  with  1,300  nm  LD  light  source 
was  also  evaluated  for  reference.  Figure  6  shows  the 
result  of  measurement  for  each  fiber. 

When  we  describe  the  transmission  bandwidth,  f(L ), 
for  each  fiber  as  a  function  of  fiber  length,  L  (km),  by 
equation  (5),  the  bandwidth  at  L  =  1  km,  fo,  and 
gradient,  y ,  for  each  fiber  are  calculated  from  the 
measured  data  as  shown  in  Table  4. 

f(L)  =  foL-r  (MHz)  . (5) 


Tabic  3.  Comparison  of  optical  coupling  efficiency 
for  the  200  /  230,  pm  GI  and  SI  H-PCS  fibers 
with  that  fora  typical  50/ 125  pm  GI  silica  fiber 
(850  nm  LED,  Excitation  NA=0.25) 

Tvoc  of  fiber  sample  unit  Relative  optical  coupled  power 


200/230pm  GI  H-PCS 

dB 

+11.4 

200/230pm  SI  H-PCS 

dB 

+11.6 

50/125pm  GI  silica 

dB 

0.0  (reference) 

As  indicated,  bandwidth  characteristic  of  the  developed  GI 
H-PCS  fiber  is  a  significant  improvement  from  that  of 
conventional  H-PCS  fiber.  It  is  clear  that,  despite  large 
core  and  truncated  index  profile,  the  modal  dispersion  of 
the  developed  H-PCS  fiber  is  reduced  to.  almost  same  level 
of  that  of  typical  GI  silica  fiber. 


Wavelength  (nm) 

Figure  5.  Typical  spectral  loss  characteristics  for  200  /  230  pm 
GI  and  SI  H-PCS  simplex  fiber  cords 


Fibor  Length  (m) 

Figure  6,  Baseband  bandwidth  characteristics  with 
short-wavelength  S-LED  light  source  for  the  200  /  230  pm  GI  and  SI 
H-PCS  fibers  arid  a  typical  50  / 125  pm  GI  silica  fiber 
(850  nm  LED,  Excitation  NA=0.25) 


Table  4.  Baseband  bandwidth  parameters  for  the  200  /  230  pm  GI 
and  SI  H-PCS  fibers  and  a  typical  50/ 125  pm  GI  silica  fiber 
(850  nm  LED,  Excitation  NA=0.25) 


■RTijITOTP 

V 

200  /  230  pm  GI  H-PCS  fiber 

85 

0.91 

200  /  230  pm  SI  H-PCS  fiber 

22 

0.83 

50  / 125  pm  GI  silica  fiber 

81 

0.78 
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D.  Loss  Dependence  on  Distance 

The  dependence  of  optical  unit  loss  on  transmission 
distance  for  the  200  /  230  pm  GI  H-PCS  simplex  fiber  cord 
was  measured  by  using  the  LED  light  source  of  Table  2 
with  different  excitation  NAs  (0.25  and  0.4).  The  results 
are  shown  in  Figure  7.  The  figure  shows  that  the 
transmission  loss,  a  (dB/km),  with  excitation  NA  of  0.25, 
satisfies  the  following  specification. 

a  at  X=850nm,  Ins.NA:0.25,  Ta=25 1  ~  ^  (dB/km)  .  (6) 


Figure  7.  Typical  transmission  length  dcpcmlcncc  of  optical  loss  for 
200  /  230  pm  GI  H-PCS  fiber  with  different  excitation  conditions 


Figure  8.  Typical  temperature  dcpcndcnceof  optical  loss  for  200  / 
230  pm'GI  and  SI  H-PCS  fibers  of  different  fiber  lengths 
(850  nm  LED,  Excitation  NA=0.25) 


E.  Temperature  dependence  of  Loss  &  Bt _ 

One  of  the  important  basic  characteristics  for  PCS  fiber 
is  the  temperature  dependence  of  fiber.  N  \  caused  by  the 
temperature  dependence  of  the  refractive  index  of  cl, adding 
material.  It  is  thus  important  for  us  to  improve  and 
investigate  both  the  increase  in  loss  at  low  temperature 
caused  by  the  decrease  of  transmission  mode  and  the 
decrease  in  bandwidth  at  high  temperature  caused  by  the 
increase  of  transmission  mode.  These  reversible 
temperature  dependence  characteristics  are  primarily 
determined  by  the  cladding's  coefficient  of  temperature 
expansion.  5)  Therefore,  in  addition  to  the  design  of 
index  profile,  the  development  of  integrated  cladding 
polymer  with  small  coefficient  of  temperature  expansion 
was  one  of  the  key  elements  to  solve  in  this  development. 

We  measured  the  temperature  dependence  of  the 
frequency  response  of  output  optical  power  transmitted 
through  loosely  coiled  GI  and  SI  H-PCS  simplex  fiber 
cords  of  different  length  in  a  heat  chamber.  The  results  of 
measurement  are  shown  in  Figures  8  and  9.  It  was 
confirmed  by  this  examination  that  the  typical  increase  in 
transmission  loss  at  the  lower  end  of  the  operational 
temperature  range  (-20  "C)  is  approx.  1.8  dB  and  the 
typical  decrease  in  transmission  bandwidth  at  the  higher 
end  of  the  operational  temperature  range  (70  t))  is 
approx.  10  Mbps  for  1  km  of  GI  H-PCS  simplex  fiber 
cord. 


F.  Bending  Loss  Characteristics 

Figure  10  shows  the  increase  in  transmission  loss  for 
the  200  /  230  pm  GI  H-PCS  fiber  as  it  is  wound  up  to  ten 
(10)  turns  on  mandrels  with  different  diameters.  The 
characteristic  for  a  typical  50  /  125  pm  GI  silica  fiber  is 


Figure  9.  Typical  temperature  dependence  of  bandwidth 
for  200  /  230  pm  GI  H-PCS  fiber 
(850  nm  LED,  Excitation  NA=0.25) 
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also  indicated  for  reference.  The  increase  in  loss  in  this 
measurement  tends  to  stabilize  when  the  fiber  is  wound 
several  turns.  In  Figure  11,  plotted  are  the  measured 
increase  in  loss,  in  relation  to  bend  diameters,  measured 
for  GI  H-PCS  fiber  after  it  was  wound  10  turns  on  each 
mandrel,  in  comparison  with  that  of  conventional  200  /  230 
(tin  SI  H-PCS  fiber  and  50  /  125  |tm  GI  silica  fiber.  As 
indicated  in  the  2  figures,  the  increase  in  loss  of  the  GI 
H-PCS  is  significantly  smaller  than  that  of  conventional  GI 
silica  fiber. 

O.  Mechanical  Strength 

Figure  12  shows  a  typical  Weibull  plot  for  tensile 
strength  of  the  GI  II-PCS  fiber.  The  Weibull  plot  line  in 
the  figure,  which  is  standing  almost  vertically  at  the 
tensile  strength  of  more  than  17  kgf/core  (770  K  PSI), 
indicates  that  the  developed  GI  II-PCS  fiber  exhibits  quite 
high  tensile  strength  and  uniformity.  The  on-line  proof 
test  level  for  this  fiber,  1.61  kgf/core  (0.7  %  strain),  is 
the  same  as  the  conventional  SI  H-PCS  fiber's. 

H.  Adoptability  of  Crimp__&.  Cleave  Connectors 

The  primary  advantage  of  the  H-PCS  fibers  is  that  it 
can  be  used  with  new  departure,  the  crimp  &  cleave  optical 
connectors  which  allow  operators  without  skill  to  assemble 
optical  connectors  on  fiber  in  a  few  minutes.  5),7)  To 
evaluate  practical  applicability,  we  compared  the  increase 
in  loss,  for  the  GI  H-PCS  fiber,  caused  by  the  crimping 
stress,  with  that  of  conventional  SI  H-PCS  fiber.  We 
carried  on  the  measurement  by  using  a  JIS  F05  based 
crimp  &  cleave  optical  connector  (Sumitomo  Electric's  model 
CF-1011)  with  850nm  LED  light  sources  of  different 
excitation  NA.  The  test  results  are  shown  in  Table  5. 

As  indicated  in  Table  5,  although  the  increase  in  loss  of 
GI  H-PCS  fiber  is  larger  than  that  of  SI  H-PCS  fiber,  the 
value  measured  under  the  practical  excitation  NA  of  0.25  is 
adequate  to  design  short  distance  data-links  for  front-end 
LAN  applications. 


Cumulative 

failure 

probability 

(%) 


Tensile  strength  (kgf) 

Figure  12.  Typical  tensile  strength  Weibull  plot 
for  200  /  230  pm  GI  H-PCS  fiber 


Table  5.  Typical  optical  loss  increase  for  200  /  230  pm  GI  and  SI 
H-PCS  fibers  caused  by  crimp  connector  assembly 
(n  si  5  /  condition) 


Type  of  fiber  sample  unit 

200/230pm  GI  H-PCS  dB/cnd  Mean 

Max 


Excitation  NA 
0.1  0.25  0.4_ 

0.006  0.22  0.86 

0.01  0.26  0.95 


200/230pmSf H-PCS  dB/cnd  Mean  0.002  0.01 

Max  0.01  0.02 


0.39 

0.49 


Figure  10.  Typical  bending  loss  characteristics  for  200  /  230  pm 
GI  H-PCS  fiber  and  conventional  50  / 125  pm  GI  silica  fiber 
(850  nm  LED.  Excitation  NA=0.25) 


Figure  1 1.  Typical  bending  loss  characteristics  as  a'function  of 
bend  radius  for  200/ 230  pm  GI  and  SI  H-PCS  fibers  and  a  typical 
conventional  50/ 125  pm  GI  silica  fiber 
(850  nm  LED,  Excitation  NA=0.25) 


16  International  Wire  &  Cable  Symposium  Proceedings  1990 


V.  Conclusion 

A  200/230  p.m  truncated  type  Graded  Index 
Hard-Plastic  Clad  Silica  fiber  has  been  developed  and  its 
major  characteristics  have  been  evaluated.  It  was 
confirmed  that  the  developed  fiber  exhibits  superior 
bandwidth  characteristic  of  more  than  80  MHz.km  with 
850  nm  S-LED  to  typical  50/125  pm  GI  silica  fibers, 
preserving  attractive  features  of  conventional  H-PCS  such 
as  high  NA  that  realizes  coupling  efficiency  with  LED  of 
more  than  10  dB  superior  to  ordinary  50/125  pm  GI  silica 
fibers,  low  loss,  high  tensile  strength,  small  bending  loss 
and  easy  assembling  work  with  crimp  &  cleave  optical 
connectors.  These  measured  characteristics  are  sufficient 
to  realize  100  Mbps  data  transmission  for  intra-office 
Front-end  LAN  applications  at  the  maximum  applicable 
fiber  length  of  up  to  500  meters  with  using  economical 
short  wavelength  S-LED  and  crimp  &  cleave  connector 
which  dramatically  reduces  cable  termination  cost. 

When  compared  with  the  metal-wired  (coaxial  cable  or 
twisted  wire)  LANs,  the  FDDI  based  fiberoptic  LAN,  that 
use  62.5/125  pm  or  50/125  pm  GI  silica  fiber,  has  had 
drawbacks  in  the  cost  of  opto-electronic  devices,  ease  of 
cable  connections  and  flexibility  of  system  expansion  or 
relocation.  The  GI  H-PCS  fiber,  that  was  developed  as  a 
upper-compatible  line-up  of  200/230  pm  conventional  SI 
H-PCS  fiber,  has  overcome  all  these  problems,  and 
expected  to  allow  the  LAN  users  to  take  the  full  advantages 
of  the  fiberoptic  LAN  such  as  high  speed  and  high  noise 
immunity.  The  H-PCS  fibers  with  core/cladding  diameters 
of  200/230  pm  is  already  authorized  as  a  standard  PCS 
fiber  by  JIS  (Japanese  Industrial  Standard)  to  ensure 
universality  and  versatility  as  an  optical  cable  for  various 
applications. 
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ATTENUATION  AND  BENDING  LOSS  OF  VAD  DUAL  SHAPE  CORE  DISPERSION-SHIFTED  FIBER 
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Abstract 


We  investigated  the  influence  of 
refractive  index  profile  and  fiber 
parameters  ( MFD ,1c)  on  attenuation  and 
bending  loss  for  three  types  of 
dispersion-shifted  fiber  with  dual  shape 
core.  A  comparison  between  experimental 
fabrication  and  theoretical  calculation  by 
FEM  (Finite  Element  Method)  gave  the 
following  results. 

(i)  The  lower  attenuation  can  be 
achieved  by  decreasing  refractive  index 
difference  due  to  possible  reduction  of 
Rayleigh  scattering  loss. 

(ii)  Among  many  parameters,  the  ratio 
of  MFD  to  u  Is  well  correlated  with 
bending  loss,  as  was  already  reported  in 
the  study  of  conventional  1.3  «m  single 
mode  fiber. 


1  Introduction 

The  dual  shape  core  dispersion-shifted 
fiber  has  been  proposed  as  one  of  the 
candidates  for  under  sea  and  trunk  line 
systems  because  of  its  low  attenuation  and 
better  bending  performance  (1)  -  (4) .  In 
actual  production,  the  requirement  to 
adjust  zero  dispersion  wavelength  at  1.55 
um  limits  the  allowable  ranges  of 
parameters  such  as  refractive  index 
profile,  Ac  and  MFD.  There  has  been  no 
detailed  report  on  the  relation  between 
fiber  parameters  and  optical  performance 
in  large-scale  trial  production. 

However,  recent  trend  to  long  repeater 
spacing  and  high  bit  rate  system  requires 
the  investigation  on  this  relation.  We 
have  been  investigating  characteristics  of 
VAD  dispersion-shifted  fibers  with  dual 
shape  core  and  pure  silica  cladding.  In 
this  paper,  the  influence  of  refractive 
index  profile  and  fiber  parameters  (MFD, 
Ac  )  on  the  attenuation  and  bending  loss 
is  experimentally  studied  through  1130km 
trial  production  in  comparison  with 
theoretical  calculation  by  FEM. 


2.  Refractive  index  design  and  fiber 
parameters. 


A  typical  refractive  index  profile  and 
parameters  for  1130km  fibers  are  shown  in 
Figure  1  and  Table  1.  The  fibers  have  dual 
shape  core  of  GcOz-SiOa  and  pure  silica 
cladding.  Refractive  index  profile  of  this 
fiber  is  characterized  by  four  parameters 
4 r,Aj  ,  Ra  and  2b.  For  this  study,  we 
selected  three  types  (I,  Hand  111)  with  the 
various  combinations  of  al  and  Ra.  Since 
a2  and  2b  are  not  dominant  factors  to 
Influence  transmission  characteristics,  we 
chose  <j2  and  2b  arbitrarily  so  as  to 
adjust  ao  at  1.55  «m.  Trial  production 
fiber  length  and  fiber  parameter  medians 
are  shown  In  Table  2  for  three  types, 
respectively. 


Table  1  Typical  Parameters 


Type 

Ai[%] 

A  s  CXJ 

Ra 

2b[«m] 

I 

0.97 

0.17 

0.30 

E9 

mm 

-  0.81 

0.09 

H 

ED 

m 

0.84 

0.08 

0.23 

17.0 
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Table  2  Fiber  Parameter  Medians 


Type 

Median 

Fiber 

length 

CM 

A  o 

lw) 

MFD 

tarn] 

A  c 
Urn) 

I 

1.550 

8.2 

1.  2 

500 

U 

1.545 

8.2 

1. 1 

500 

in 

1.570 

7.8 

1.1 

130 

3.  Controllability  of  Xo,  MFD  and  bending- 
loss 

We  developed  FEM  simulation  program  to 
predict  various  fiber  characteristics 
theoretically.  In  actual  production, 
controllability  of  Xo,  MFD  and  bending 
loss  must  be  considered.  We  calculated 
allowable  range  of  Ai  and  2b  when  Xo,  MFD 
and  bending  loss  are  required  to  be  within 
the  following  tentative  tolr  nee. 

1 . 535*™  g  Xo  g  1.565  am; 

7 . 4  Km  S  MFD  g  8 . 6  am 

Bending  loss  (diameter  20mttf  )  g 
1 . OdB/m 

Figure  2  shows  an  example  of  the 
calculation.  The  result  from  type  i f  u 
and  hi  is  shown  in  Figure  3.  From  the 
comparison  between  type  I  and  type  u ,  it 
is  clearly  shown  that  the  higher  Ai  of 
type  i  leads  to  the  wider  range  of  Ai  and 
2b  in  the  case  of  constant  Ra.  And  from 
the  comparison  between  type  II  and  III  ,  it 
is  also  shown  the  smaller  Ra  leads  to  the 
wider  range  of  Ai  and  2b  in  the  case  of 
constant  Ai  . 


Fig. 2  A  example  of  calculated  allowable  range 


Fig.  3  Calcuated  result  from  type  I .  n  and  Ill 


4.  Attenuation 

We  statistically  analyzed  the 
influence  of  Ai  and  Ra  on  1.55  am 
attenuation  of  1130km  fibers  and  compared 
it  with  FEM  calculation.  Figure  4  shows 
dependence  of  measured  attenuation  at  1.55 
am  on  Ai  which  is  derived  from  the  fibers 
of  type  I  and  II  .  We  obtained  the 
following  regression  equation  from  the 
dependence  with  constant  Ra. 

ai.5s  =o . 046  x Ai+const . 

And  Figure  5  shows  dependence  of  measured 
attenuation  at  1.55  am  on  Ra  for  the  fibers 
of  type  u  and  type  m .  We  didn't  clearly 
find  strong  correlation  in  this 
dependence.  However,  we  obtained  the 
following  regression  equation  from  the 
dependence  with  constant  Ai 
ai . 55  =-0.029  x  Ra+const. 


0.7  0.8  0.9  1.0 


Ai  [*] 

Fig. 1  Dependence  of  measured  attenuation 
at  1.  55am  on  Ai 
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Fig. 5  Dependence  of  measured  attenuation 
at  1.  55«m  on  Ra 


Total  attenuation  of  dispersion- 
shifted  fiber  is  well  described  as 
follows . 

a(Total)  =  a(Rayleigh)  +  ot(OH)  +  a(IR)  +  a(UV) 

a(Rayleigh):  Rayleigh  scattering  loss. 
a(0H):  OH  absorption  loss 
a(IR):  IR  absorption  loss 
a(UV):  UV  absorption  loss 

Assuming  a(Rayleigh)  depends  on  and  Ra, 
and  other  absorption  losses  don't  depend 
on  profile  parameters,  we  calculated 
a(Rayleigh/  values  for  various  Ax  and  Ra 
around  the  condition  of  type  i,n  IU  by 
FEM,  and  obtained  the  following  linear 
approximation.  edr 

a i . s  s ( Ray 1 e i gh )  =0 . 036xi x-0 . 019xRa+0 . 124 
Therefore , 

ai.ss  =0.036  X  A i-0. 019  x  Ra+0 . 124* cons t . 

By  comparing  this  calculation  with  the 
experiment,  we  concluded  the  attenuation 
difference  between  type  i  and  type  n  was 
mainly  attributed  to  Rayleigh  scattering 
effect. 

Tabic  3  Calculated  25ma?S  bending  loss 


( A  o=  1,  550/im,  MFD=  8. 0«m) 


1 

II 

in 

Calculated 
25ma$ 
bending 
loss  ,  , 

[dB/m] 

'  0.02 

0.35 

0.20 

Table  4  Average  of  measured 

25c t<f>  bending  loss 


Type 

I 

a 

ra 

Average  of 
measured 

25eo  4> 
bending 
loss  [dB/m] 

B 

0. 15 

0.06 

5.  Bending  loss 


We  investigated  the  influence  of  fiber 
parameters  on  bending  loss  by  measuring 
1.55pm  bending  loss  of  1130km  fibers  with 
25mm  ys  and  30mm  <p  diameter.  First,  we 
caiculated  bending  loss  at  diameter  25min0 
in  the  case  of  Ao=1.55um  and  MFD=8.0pm  by 
FEM.  Comparison  between  type  i,n  and  ID 
is  shown  in  Table  3.  The  higher  Ax  of  typei 
leads  to  the  lower  bending  loss  and  the 
smaller  Ra  of  type  m  leads  to  the  slightly 
lower  bending  loss  with  constant  Ao  and 
MFD.  In  the  experimental  result  shown  in 
Table  4,  we  could  observe  general  tendency 
predicted  by  FEM.  However,  there  was  no 
exact  agreement  between  calculation  and 
experiment.  We  investigated  other 
parameters  correlating  well  with  bending 
loss  and  found  that  the  ratio  of  MFD  to  Ac 
(MFD/  Ac  )  correlates  well  among  many 
parameters ,  as  was  already  reported  in  the 
study  of  conventional  1.3  pm  single  mode 
fiber. 


Fig,  6  Relationship  between 
1.  55«m  bending  loss 
and  (MFD/ Ac) 
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Relationships  between  1.55pm 
bending  loss  and  (MFD/Ac)  for  type  II  are 
shown  in  Fig  G.  Solid  lines  and  broken 
lines  indicate  the  regression  line  of 
trial  production  dispersion-shifted 
fibers,  MF1)  values  of  dispersion-shifted 
fibers  were  measured  at  1.55  pm  and 
conventional  1.3pm  SM  fibers  measured  at 
1.3pm  ,  respectively.  Furthermore,  less 
bending  sensitivity  of  dispersion-shifted 
fiber  becomes  more  significant  with  small 
bending  diameter  and  large  MFD/ Ac. 


6. Conclusion 


1130km  dispersion-shifted  fibers  with 
dual  shape  core  and  pure  silica  cladding 
were  fabricated  as  a  trial. 

FEM  theoretical  study  showed  parameter 
controllability  of  Ao  and  MFD  in  actual 
production  was  Influenced  by  the  choice 
of  tn  and  Ra  properly. 

It  was  confirmed  the  low  attenuation 
can  be  achieved  by  decreasing  a i  due  to 
possible  reduction  of  Rayleigh  scattering 
loss . 

It  was  found  the  ratio  of  MFD  to  Ac 
(MFD/  Ac)  correlates  with  bending  ioss  as 
was  for  the  conventional  1.3pm  SM  fiber. 
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ABSTRACT 

Since  1985  a  number  of  submarine, 
unrepeatered  cables  have  been  installed 
in  the  Baltic  Sea  and  the  connecting 
Scandinavian  waters  leading  to  the  North 
Sea.  The-  construction  of  these  cables  is 
briefly,  described,  emphasizing  the  pre¬ 
cautions  taken  against  internal  and  ex¬ 
ternal  influences  that  could  threaten  the 
low- loss  performance  of  the  fibers.  The 
problems  concerning  hydrogen  sources  are 
discussed,  based  on  experience  and  upon 
theoretical  evaluations  as  well.  In  par¬ 
ticular  hydrogen  entrapment  in  the  sea 
bed  around  buried  cables  is  analysed. 


1.  INTRODUCTION 


As  it  appears  from  fig.  1,  the  Baltic  Sea 
extends  into  a  number  of  straits  and 
smaller  seas  to  the  North  Sea,  thus  con¬ 
taining  a  number  of  islands  and  separat¬ 
ing  the  Scandinavian  Peninsula  from  Den¬ 
mark  and  the  central  part  of  Europe. 

It  can  also  be  seen  from  fig.  1,  that  a 
network,  comprising  many  submarine  ca¬ 
bles,  has  developed  and  is  still  devel¬ 
oping  to  cross  all  these  waters  and  con¬ 
nect  the  surrounding  countries. 

The  first  submarine  cable  was  laid  in 
1985  soon  followed  by  similar,  relatively 
short  links. 

The  longest;  cable,  laid  in  1989,  has  a 
length  of  156  km  and  connects  Bornholm,  a 
Danish  island  in  the  Baltic  Sea  with  the 
island  of  Zealand. 

A  new  cable  laid  this  summer  now  connects 
Bornholm  to  Poland. 

A  link  between  Norway  and  Denmark  is 
planned  for  the  future. 

All  of  the  cable  links  mentioned  are 
unrepeatered,  and  most  of  the  cables  are 
buried  in  the  sea  bed. 
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Fig.1  Submarine  optical  links  in  southern 
Scandinavian  waters. 
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2.  CABLE  DESIGNS 

A  common  feature  for  all  the  cables,  in¬ 
stalled  so  far,  is  the  outer  protection, 
made  up  of  a  lead  sheath  between  two 
polyethylene  jackets,  and  reinforced  by 
layers  of  3-5  mm  galvanized  steel  wires, 
protected  by  layers  of  asphalt  and 
polypropylene  yarns. 

While  this  is  an  old  and  traditional  way 
to  protect  submarine  cables,  it  has 
proved  very  efficient  and  is  also  suited 
for  optical  fiber  submarine  cables. 

The  need  for  strong  cables  with  heavy 
armour  has  been  guestioned,  and  light¬ 
weight  types  have  been  proposed,  in  par¬ 
ticular  for  burial  in  the  sea  bed.  How¬ 
ever,  we  have  recently  experienced,  that 
even  a  buried  cable  can  be  caught  by  a 
trawl,  if  the  sea  bed  is  soft.  A  visual 
examination  of  the  cable  showed  that  it 
had  been  exposed  to  very  strong  forces, 
the  optical  performance  of  some  of  the 
fibers  was  affected,  however  the  service 
was  never  interrupted.  We  regard  this  as 
a  compelling  argument  for  holding  on  to 
strong,  well-armoured  cables  with  tensile 
strengths  not  less  than  200  kN.  This  ro¬ 
bustness  also  allows  for  high  recovery 
speeds,  repair  operations  at  high  sea 
swells  and  reduces  the  risk  of  accidental 
overload. 

The  lead  sheath  provides  the  cables  with 
good  handling  properties,  such  as  easy 
coiling  and  no  tendency  to  kinking,  which 
has  been  proven  by  the  laying,  of  around 
500  km  of  cable.  (Only  half  of  this 
amount  is  seen  in  fig.  1,  the  remaining 
part  has  been  laid  in  overseas  waters) . 
Our  experiences  and  studies  have  shown 
that  the  lead  sheath  also  offers  effec¬ 
tive  protection  against  outer  hydrogen 
sources. 

The  most  recently  manufactured  and  also 
the  longest  cables  are  of  the  slotted 
core  type  with  depressed  clad  fibers.  To 
preserve  the  very  low  losses,  no  metallic 
elements  are  present  under  the  lead 
sheath,  and  the  materials  have  been 
carefully  chosen  with  regard  to  very  low 
hydrogen  emission.  As  a  further  precau¬ 
tion  1  km  samples  of  the  internal  core 
portion  including  the  lead  sheath  have 
been  heated  3  months  at  95 °c  and  tested 
for  hydrogen  induced  loss.  No  added  loss 
from  dissolved  hydrogen  has  been  found. 

In  order  to  obtain  very  low  losses  a 
moderate  degree  of  selection  took  place 
to  exclude  those  fibers  expected  to  be 
most  sensitive  to  bending  losses. 


3.  HYDROGEN  EFFECTS 

3.1  Recently  reported  results. 

In  the  last  few  years  considerable  at¬ 
tention  has  been  paid  to  the  occurrence 
of  hydrogen  in  optical  submarine  cables. 
It  has  been  found  [1],  [2]  that  corrosion 
of  galvanized  steel  wires  is  the  most 
important  source  of  hydrogen.  Further  it 
has  been  found  that  the  partial  pressure 
of  hydrogen  is  correlated  with  the  water 
depth  and  shows  a  slowing  rate  of  in¬ 
crease  with  time.  [2]  shows  that  a  lead 
sheath  separating  the  armour  from  the 
fibers  is  a  very  efficient  barrier 
against  externally  generated  hydrogen. 

In  [3]  it  is  argued  that  high  rates  of 
corrosion  can  cause  generation  of  bubbles 
of  hydrogen  entrapped  in  the  cable 
structure  resulting  in  hydrogen  pressures 
ultimately  limited  by  the  hydrostatic 
pressure  -  of  the  surrounding  water. 

[4]  presents  measurements  of  hydrogen 
pressures  within  2  years  after  the  in¬ 
stallation  of  cables  without  a  metallic 
barrier  where  the  armour  is  protected  by 
a  high  density  polyethylene  sheath.  The 
measured  hydrogen  pressures  are  l  or  2 
sizes  of  order  lower  than  the  maximum 
pressures  found  in  [l]  and  [2].  The  most 
important  reason  for  the  lower  partial 
pressure  is  probably  that  the  polyethyl¬ 
ene  sheath  offers  a  diffusion  resistance 
against  water  thus  resulting  in  primarily 
a  delayed  but  possibly  also  in  a  reduced 
corrosion.  Another  part  of  the  explana¬ 
tion  might  be  that  the  cables  are  laid 
directly  on  the  sea  bottom  resulting  in  a 
free  escape  of  the  outward  diffusing  hy¬ 
drogen  to  the  sea  water. 


3.2  Buried  submarine  cables. 

For  a  buried  submarine  cable  the  resist¬ 
ance  to  hydrogen  diffusion  from  the  sea 
bottom  materials  has  to  be  taken  into 
account.  For  buried  submarine  cables 
where  corrosion  takes  place  at  high  rates 
an  entrapment  of  hydrogen  bubbles  can 
take  place  in  the  sea  bottom  materials 
resulting  in  hydrogen  pressures  ulti¬ 
mately  limited  by  the  hydrostatic  pres¬ 
sure  of  the  water.  Also,  at  the  lower 
rates  of  hydrogen  generation  e.g.  in 
situations  of  better  protected  and  more 
corrosion  resistant  armour  materials,  the 
sea  bottom  materials  represent  a  certain 
resistance  to  the  outward  diffusion.  This 
will  result  in  an  increase  of  the  hydro¬ 
gen  partial  pressure  at  the  position  of 
the  cable. 
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Fig.  2  shows  the  result  of  the  calcula¬ 
tion  of  the  hydrogen  partial  pressure  at 
the  position  of  a  buried  submarine  cable 
due  to  corrosion  of  galvanized  steel  ar¬ 
mouring.  The  detailed  conditions  of  the 
calculations  are  given  in  the  Appendix. 


Fig.2  Calculated  hydrogen  partial  pressure  at 
the  position  of  a  buried  Submarine 
Cable  at  constant  rate  of  hydrogen 
generation  from  corrosion. 


It  can  be  seen  from  fig.  2  that  within  a 
short  time  a  considerable  hydrogen  pres¬ 
sure  builds  up  due  to  the  presence  of  the 
sea  bottom  materials.  This  is  followed  by 
a  slowing  rate  of  increase  with  time  (in 
accordance  with  the  measurements  in  (1] 
and  [2])  until  a  steady  state  is  attained 
after  several  years.  Despite  the  uncer¬ 
tainty  on  the  exact  values  of  corrosion 
rate,  hydrogen  solubility  and  permeabil¬ 
ity  in  the  material  on  the  sea  bottom, 
the  calculated  example  illustrates  the 
necessity  of  a  hermetic  barrier  separat¬ 
ing  the  fibers  from  hydrogen  due  to  cor¬ 
rosion  of  the  outer  armouring. 


A.  HYDROGEN  PRESSURE  MEASUREMENTS  IN  THE 
OLDEST  BURIED  SUBMARINE  CABLE. 

Just  before  the  installation  of  our  first 
manufactured  optical  fiber  submarine  ca¬ 
ble  in  June  1985,  careful  measurements  of 
the  attenuation  vs.  wavelength  were  car¬ 
ried  out.  Repeated  measurements  using  the 
insertion  loss  method  were  carried  out  in 
June  1990  by  Telecom  Denmark,  the  owner 
of  the  cable. 

Using  the  method  of  [1]  of  separating  the 
1240  nm  peak  from  the  Rayleigh  scattering 
baseline,  a  comparison  was  made  between 
the  1240  nm  peaks  from  1985  and  1990. 
Taken  into  account  small  wavelength 
shifts  and  differences  in  spectral  reso¬ 
lution  due  to  the  use  of  2  different 
measurement  set-ups.  it  was  concluded  that 
no  added  loss  at  1240  nm  was  found.  (De¬ 
tection  limit  0.01  dB/km) . 


5.  CONCLUSION 

Our  calculations  have  indicated  that  ar¬ 
mour  corrosion  of  buried  submarine  cables 
will  create  high  hydrogen  partial  pres¬ 
sure.  Consequently  the  fibers  must  be 
shielded  against  hydrogen.  Because  of  the 
high  amounts  of  hydrogen  a  hydrogen  ab¬ 
sorber  will  not  have  a  sufficient  long 
term  effect. 

Five  years  of  experience  from  inspection 
of  installed  submarine  cables  has  shown, 
that  the  traditional  asphalt  embedded 
galvanized  steel  armour  in  combination 
with  a  lead  sheath  does  not  cause  any 
hydrogen  problems.  The  only  additional 
precaution  needed  is  a  careful  selection 
of  the  materials  inside  the  lead  sheath 
in  order  to  exclude  the  most  severe  hy¬ 
drogen  emitting  sources. 
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APPENDIX 

CALCULATION  OF  HYDROGEN  PARTIAL  PRESSURE 
DUE  TO  ARMOUR  CORROSION  IN  A  BURIED  SUB¬ 
MARINE  CABLE. 

l.  Steady  state  pressure. 

Consider  the  situation  shown  below: 


sea  water 


sea  bottom 


silt 

burial  depth  H 

optical  cable  |3j ' 

_d_ 

The  steady  state  hydrogen  partial  pres¬ 
sure  P  at  the  surface  of  the  cable  car.  be 
calculated  based  on  analogous  electro¬ 
static  problems  (wire/plane  capacitor) 

4H-d 
In  d 

P  =  S1  x  2  rr  K  (1) 

where 

s.  is  the  constant  rate  of  hydrogen 
generation  per  unit  length  of  the 
cable. 

H  is  the  burial  depth. 

d  is  the  diameter  of  the  cable  at  the 
position  of  the  armour. 

K  is  the  permeability  of  hydrogen  in 
silt. 


K  is  found  from  : 

K  =  D  x  c  (2) 


where 

c  is  the  solubility  of  hydrogen  in  silt 
i.e.  the  amount  of  dissolved  hydrogen 
per  unit  volume  in  silt  per  unit 
partial  pressure. 

D  is  the  diffusion  coefficient  of 
hydrogen  in  silt. 
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According  to  [5]; 


1)  Small  values  of  time,  i.e_.. 


D 


1.3  x  10 


cm2 

s 


7  ,  Numerical  calculations  have  been  carried 

c  ~  7  x  10  -  out.  [6]  The  result  with  our  numerical 

cm3  atm  examples  is  shown  as  curve  l)  in  fig.  3. 


(2)  gives 
K  =  9.1  x  10 


mole 
cm  s  atm 


2)  Larger  values  of  time. 

The  approximate  solution  with  the  termi 
nology  used  here  is 


s  is  related  to  the  corrosion  rate  of 
t?ie  galvanized  steel  wires.  In  neutral 
and  acidic  environments  self  corrosion  of 
Zn  takes  place  following  the  net  reaction 
scheme: 


Zn  +  2H+  ->  Zn++  +  H2 

Well  protected  galvanized  steel  corrodes 
at  a  rate  ranging  from  of  0.1  -  1.0  pm  Zn 
per  year.  Poorly  protected  galvanized 
steel  in  sea  water  corrodes  at  an  even 
higher  rate.  Let  us  chose  1  pm  Zn  per 
year  as  an  example  of  the  corrosion  rate. 
Referring  now  to  the  surface  area  of  the 
galvanized  steel  wires  in  a  typical 
submarine  cable,  this  corrosion  results 
in  a  rate  of  hydrogen  generation  of 


4t?K  b  x/d^2 


Where  b  =  1.7811.  [6] 


The  result  with  our  numerical  examples  is 
shown  as  curve  2)  in  fig.  3. 

Further  curve  3)  gives  the  steady  state 
pressure  for  a  cable  buried  at  a  specific 
depth  (0.8  m) .  The  actual  pressure  at  the 
position  of  the  cable  will  follow  curve 
1)  and  2)  for  small  values  of  time  and 
finally  reach  curve  3)  asymptotic. 


s 


1 


1.4  x  10 


-11 


mole 
cm  s 


With  d  =  4  cm 
H  =  0.8  m 


(1)  gives  a  steady  state  hydrogen  partial 
pressure 


P  =  i.07  atm 


2.  Transient  hydrogen  pressure. 

The  short  term  pressure  around  a  buried 
cable  is  independent  of  the  burial  depth. 
An  analytical  solution  exists  for  a  cable 
surrounded  by  a  medium  with  infinite  ra¬ 
dial  extension  from  the  cable.  [6] 


Asger  Baungaard 

NKT  Telecom  Cables 
13 ,  Sogneve j 
DK-2605'  Broendby 
Denmark 


Asger  Baungaard  was  born  in  East  Jutland, 
Denmark  in  1926.  He  received  his  M.  Sc. 
degree  in  Electrical  Engineering  in  1952. 
Since  1953  he  has  been  with  NKT  working 
in  different  research  areas  such  as 
HV-cables,  Electronics,  Telecommunication 
and  optical  fiber  cables. 


International  Wire  &  Gable  Symposium  Proceedings  1990  27 


Fig 3  Calculated  hydrogen  partial  pressure  at  the  position  of  a  buried  Submarine 
Cable  at  constant  rate  of  hydrogen  generation  from  corrosion. 

1)  Small  values  of  time 

2)  Larger  values  of  time 

3)  Steady  state  pressure 
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Abstract 

Due  to  the  recent  advances  in  fibre  optic 
technology,  unrepeatered  communication  cable 
systems  can  now  operate  at  distances  of  over 
200  km.  Traditionally  the  submarine  cable  has 
been  designed  for  long  haul  repeatered  systems 
between  the  continents  across  deep  oceans.  A 
design  study  has  therefore  been  completed  for  a 
cable  to  specifically  meet  the  performance 
requirements  for  unrepeatered  systems.  The  main 
design  criteria  have  been  to  produce  a  high 
quality,  high  reliability  product  for 
unrepeatered  systems  consistent  with  traditional 
submarine  cable  standards  and  practices. 


Introduction 

For  over  100  years  STC  has  been  involved  in  the 
design,  manufacture  and  installation  of 
submarine  telecommunication  systems.  During 
this  period  STC  has  manufactured  over  200,000  km 
of  coaxial  and  20,000  km  of  optical  submarine 
cable.  The  traditional  market  has  been  long 
haul  submarine  cable  systems  with  submerged 
underwater  repeaters  to  regenerate  the 
electrical  or  optical  signal.  Recent  advances 
in  fibre  optic  technology  have  enabled  cable 
communication  systems  to  operate  at  distances  of 
up  to  200  km.  Due  to  the  increase  in 
unrepeatered  transmission  distances  many  regions 
that  could  previously  have  only  been  linked  with 
a  repeatered  system  can  now  be  traversed  by  a 
single  unrepeatered  length  of  cable.  To  span 
these  distances  the  systems  have  to  operate  at 
1550  nm  and  it  is  the  current  availability  of 
low  loss  fibre,  very  stable  high  power  lasers 
and  extremely  sensitive  stable  detectors  that 
have  made  these  distances,  achievable. 

The  categories  of  applications  identified  for 
these  unrepeatered  systems  are:- 


-  Mainland  to  Island  Links:  Systems  where  the 

island  is  on  the  continental  shelf  of  the 
mainland  in  the  shallower  waters.  These 

systems  encompass  most  of  the  North  European 
and  Mediterranean  islands. 

-  Island  to  Island  Links:  Systems  which  connect 
islands  together  that  may  be  situated  on  the 
shallower  Continental  Shelf  or  subsea  mountain 
ranges  containing  deeper  depressions.  These 
systems  are  typically  in  the  Pacific,  Caribbean 
and  the  Far  East. 

-  Coastal  Festoons:  Systems  that  are  used  as 
part  of  the  national  network  to  link  cities  on 
the  coast  when  the  terrain  is  rugged  or  the 
path  too  difficult  to  negotiate. 

-  Point  to  Point  Links:  Systems  that  join  two 
locations  across  a  strait  or  large  bay.  These 
have  been  common  to  date  in  Northern  Europe 
where  the  geography  and  traffic  density  is 
most  suitable. 

-  Inland  Lake  Links:  Systems  where  the  system 
is  a  direct  extension  of  the  national  land 
cable  system. 

A  survey  of  the  world  market  has  shown  that  the 
relative  distribution  of  the  above  applications 
in  terms  of  total  system  lengths  expressed  as  a 
percentage  of  the  total  market  is  as  shown  in 
Figure  1. 

FIGURE  1 

PERCENTAGE  OF  CABLE  REQUIRED  BY  APPLICATION 
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As  can  be  seen,  most  of  che  systems  are  either 
coastal  or  island  to  island.  The  survey  has 
also  revealed  that  most  of  the  systems  are 
required  in  water  depths  of  less  than  4  km,  as 
shown  in  Figure  2. 

FIGURE  2 

PERCENTAGE  OF  CABLE  REQUIRED  BY  DEPTH  CLASS 


Submarine  cables  are  traditionally  laid  from 
specialist  cable  ships  designed  specifically  for 
deploying  deep  water,  trans-oceanic  cable 
systems  with  many  repeaters.  This  means  that 
for  the  majority  of  single  span  systems,  the 
facilities  and  carrying  capacity  of  these 
vessels  will  be  vastly  under-utilised. 

This  leads  to  a  high  cost  of  installation  for 
the  system  when  laid  in  this  way.  However,  this 
situation  can  be  avoided  if  the  cable  is 
designed  to  enable  the  maximum  flexibility  in 
transportation  and  laying  methods  and 
equipment.  These  savings  created  by  matching 
the  cable  and  equipment  can  be  further  enhanced 
if  the  plant  can  be  utilised  on  a  wide  range  of 
marine  platforms,  allowing  the  system  provider 
the  freedom  to  select  the  most  cost  effective 
and  appropriate  technical  solution  for  each 
particular  project. 

Cable  Design  Considerations 

The  current  STC  submarine  cable  product  NL 
Ref.  (1)  has  been  successfully  used  for 
unrepeatered  cable  systems  such  as 
UK-Netherlands  and  UK-Channel  Islands  using 
conventional  cable  ships,  but  chose  cable  have 
traditional  design  features  that  are  not  gcrmain 
to  unrepeatered  systems. 

These  are:- 


For  unrepeatered  systems  a  more  economic  cable 
design  is  possible  with  performance  matched  to 
the  service  requirements. 

For  minimum  transportation  and  deployment  costs 
a  small,  light  cable  is  required.  Strength  must 
be  adequate  for  laying  and  recovery  to  the 
maximum  depth  of  4  km,  so  that  high  strength  to 
weight  in  water  is  required. 

In  shallower  water,  where  primary  protection  can 
be  most  effectively  provided  by  burial,  a  high 
density  is  required  to  ensure  chat  ploughed 
cable  remains  buried  in  service.  To  meet  these 
design  requirements,  four  key  target  parameters 
were  identified  as  follows:- 

-  Maximum  weight  in  air 

-  Maximum  diameter 

-  Minimum  UTS 

-  Minimum  density 

These  design  constraints  can  be  plotted  against 
two  common  axes  of  cable  diameter  and  cable 
weight/km  as  shown  in  Figure  3.  The  key 
parameters  can  then  be  defined  on  these  axes  by 
lines  defining  complaince  with  the  specified 
targets.  This  enables  a  map  to  be  constructed 
which  results  in  the  definition  of  a  'design 
window1  in  which  compliant  designs  must  sit. 

FIGURE  3 

S3  CABLE  DESIGN  WINDOW 


Design  Procedures 

Starting  with  these  baseline  design  targets,  the 
relative  merits  of  different  design  approaches 
can  be  evaluated.  The  assumption  used  for  all 
designs  was  to  place  the  fibre  package  at  the 
centre  of  the  cable  where  it  is  afforded  maximum 
protection  and  minimum  strains  in  service. 


-  Very  high  cable  strength 

-  Power  feed 

-  Hydrostatic  pressure  resistance 

-  High  Voltage  insulation 
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Protection  of  the  fibre  package  from  hydrostatic 
pressure  may  be  provided  by  a  pressure  tube 
placed  directly  around  the  fibres,  or  by  using  a 
bridged  structure  provided  by  the  strength 
member.  Fibres  must  also  be  protected  from 
hydrogen,  which  can  be  achieved  in  several  ways:- 

-  Provision  of  a  hydrogen  barrier  in  the  cable. 

-  Use  of  hermetic  fibre. 

-  Introduction  of  a  hydrogen  getter  in  the  cable. 

Designs  of  cable  with  and  without  a  hydrogen 
barrier  were  therefore  considered. 

In  all  the  designs  evaluated,  the  cable  strength 
is  provided  by  high  tensile  steel  as  this  is  by 
far  the  most  economic  solution  and  well  proven 
for  submarine  cable  applications. 

The  cable  strength  member  can  be  positioned 
close  to  the  centre  of  the  cable  directly  around 
the  fibre  package  or  the  pressure  tube 
containing  the  package.  Alternatively  an 
external  strength  member  may  be  used  with  an 
intervening  extruded  insulation  layer  between 
the  fibres  (or  fibres  and  pressure  tube)  and  the 
strength  member.  This  approach  has  advantages 
in  providing  good  abrasion  resistance  and 
fishbite  protection  to  the  cable  insulation. 
However,  the  increased  pitch  diameter  of  the 
strength  member  means  that  a  torsionally 
balanced  (or  torsion  free)  design  must  be  used 
to  avoid  torsional  instability  in  service. 


With  an  internal  strength  member  close  to  the 
centre  of  the  cable,  unilay  (unbalanced)  strand 
designs  may  be  considered,  providing  that  the 
overall  torsional  stiffness  of  the  cable  is 
sufficiently  high  to  limit  twist  induced  by 
tension  in  deployment.  A  welded  copper  tube 
around  a  unilay  strength  member  is  an  effective 
and  proven  method  of  providing  a  hydrogen 
barrier  and  a  high  degree  of  torsional  rigidity. 

Figure  4  shows  generic-  designs  which  have  been 
evaluated  based  on  the  various  design  options 
which  have  been  described. 

The  study  has  built  on  the  experience  STC  has 
with  its  existing  cable  products.  The  designs 
were  looked  at  in  terms  of  the  overall  cable 
performance  and  the  individual  performance  of 
each  of  the  elements; 

The  emphasis  of  the  study  was  to  design  a  high 
quality,  reliable  product. 

Attenuation 

Low  loss  is  essential  for  such  systems, 
particularly  coastal  festoons  where  total  cost 
can  be  reduced  considerably  through  reduction  of 
land  based  repeater  stations.  The  current  NL 
cable  product  has  used  a  tight  buffered  package, 
as  shown  in  Figure  5,  and  this  has  given 
exceptional  loss  performance  and  stability. 


FIGURE  4 

GENERIC  CABLE  DESIGNS 
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Residual  Strain 


FIGURE  5 

STC  OPTICAL  FIBRE  PACKAGE 


A 


A  -  COPPER  PLATEO  STEEL  WIRE  0.71  mm  OIA. 
8  -  ACRYLIC  COATED  FIBRE  0.28  mm  DIA. 
C  -  HYTREL  ELASTOMER  3.10  mm  DIA. 


By  this  method  the  fibres  are  firmly  and 
reliably  held  in  the  configuration  shown 
providing  a  low  optical  loss.  Table  1  shows  the 
losses  achieved  in  our  recent  UK-Channel  Islands 
and  UK-Netherlands  systems.  STC  has  to  date 
manufactured  many  thousands  of  kilometres  of 
this  type  of  package. 

Using  this  configuration  there  is  no  measurable 
loss  difference  between  fibre  bought  in  and 
manufactured  cable,  other  than  for  splices. 
This  package  design  will  therefore  be  used  in 
the  unrepeatered  cable. 

TABLE  1 

NL  UNREPEATERED  CABLED  FIBRE  LOSSES 
Loss  dB/km  at  1550  nm 


Fibre 

UK-Channel  Isles 
1988 

UK-Netherlands 

1989 

Red 

0.21A 

0.19A 

Yellow 

0.217 

0.196 

Magenta 

0.223 

0.191 

Brown 

0.212 

0.19A 

White 

0.215 

0.19A 

Violet 

0.218 

0.195 

Green 

0.215 

0. 19A 

Pink 

0.215 

0.19A 

Grey 

0.211 

0.19A 

Blue 

0.21A 

0.195 

Orange 

0.227 

0.195 

Natural 

0.225 

0.19A 

Mean 

0.217 

0.19A 

Cable  strains  during  laying  to  the  maximum 
design  depth  of  A  km  will  be  relatively  low  for 
the  unrepeatered  cables  and  are  expected  to  be 
typically  0.2%  or  less.  Cable  deployed  in  deep 
water  (greater  than  1  km)  is  laid  on  to  the  sea 
bed  with  slack,  so  that  in  service  there  is  no 
residual  strain  in  the  fibre  other  than  the 
small  residual  strain  from  manufacture. 

Additional  strain  may  be  introduced  in  regions 
where  the  cables  are  buried  by  ploughing  during 
laying.  Data  obtained  from  larger  cables  shows 
that  tension  increases  with  cable  weight  and 
diameter,  and  is  also  higher  for  armoured  cables 
than  for  smoother  and  more  flexible  lightweight 
cables.  Hence  for  these  small,  light  and 
flexible  designs  the  expected  residual  strains 
for  burial  are  small,  and  of  the  order  of  0.1% 
or  less. 


The  maximum  tension  in  service  will  occur  in 
recovery  in  deep  water  when  peak  tensions  of  2.5 
-  3  wD  may  be  expected  (w  =  weight  in  water,  D  = 
depth) .  However  as  the  cables  have  a  high 
strength  to  weight  ratio  and  maximum  design 
depth  is  A  km,  the  maximum  expected  strain  in 
recovery  is  less  than  0.5%. 

The  fibre  proof  test  is  determined  from  the 
required  high  survival  probability  in  service 
and  the  measured  strength  distribution  of  the 
fibre.  The  strength  distribution  is  obtained 
from  dynamic  tests  to  break  on  representative 
samples  of  fibre.  The  measured  stength 
distribution  can  be  approximated  to  a  Weibull 
characteristic:- 

IfD  =  exp  -  (%-) 

(^/  p  =  Sample  survival  probability 

U)[)  =  Measured  breaking  strain  of  sample 

'  length  Ls  tested  at  strain  rate 

a,  b  =  Experimentally  determined  constants 

The  survival  probability  when  subjected  to  a 
proof  test  £,  p  (%)  for  time  tp  is  given  by:- 

pfcp)^+1  1 

p  -  exp  -  1  “ 


Where:  N 


Fatigue  constant 


The  subsequent  survival  probability  of  this 
proof  tested  fibre  when  subjected  to  strain  in 
service  of  a  (%)  applied  for  time  ta  is:- 

esp -  U(N+l)U£pbP+&b°))^*'  J b 

^  t  fcp  lb 
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This  is  the  survival  probability  of  a  length  of 
fibre  equal  to  the  sample  test  length  Ls. 

For  longer  length  (L)  the  survival  probability  is 

L  “  0|!a)  L/Ls 


the  cable  structure  as  a  biproduct  of  chemical 
corrosion  of  the  metallic  elements,  and 
externally  due  to  organic  degradation  or  magneto 
hydrodynamic  effect.  The  polymeric  materials 
may  also  outgas  dissolved  hydrogen  or  degrade, 
leading  to  its  formation. 


Using  this,  the  proof  test  level  can  be 
determined  which  will  ensure  a  high  survival 
probability  under  all  service  conditions. 

The  unrepeatered  cables  use  a  tight  buffered 
fibre  package  which  is  closely  coupled  to  the 
rest  of  the  cable  by  a  viscous  waterblocking 
material. 

This  close  c0Upiing  subjects  the  fibres  to 
controlled  and  predictable  strains  equal  to  the 
cable  strain  during  deployment  and  recovery 
operations.  However,  the  viscous  nature  of  the 
coupling  enables  localised  high  strains  to 
dissipate  with  time,  thus  reducing  the 
possibility  of  long  term  high  residual  strain  in 
the  fibre  caused  by  local  high  strains  in  the 
cable. 


Hydrostatic  Pressure  Resistance 


In  order  to  prevent  microbending  loss  resulting 
from  hydrostatic  pressure  when  the  cable  is  on 
the  seabed,  the  Hytrel  package  is  encased  in  a 
pressure  tube.  The  internal  dimension  of  the 
pressure  tube,  together  with  the  method  of 
waterblocking  the  tube  bore,  will  be  identical 
to  that  used  in  NL  cable.  This  will  maintain 
the  fibre  package  in  a  similar  environment  to 
the  extremely  reliable  NL  cable. 


The  pressure  tube  may  be  a  fully  closed  'C* 
section  but  can  be  welded  along  the  seam  to 
double  up  as  a  hydrogen  barrier.  The  pressure 
resistance  of  the  tubes  are  limited  by  yielding 
of  the  material  at  the  bore  and  the  thickness  of 
tube  required  can  be  calculated  using  the  Von 
Mises  equation:- 


P  =  O'  (  K2  -  1) 

3  1/1(2 

Where:  P  =  External  tube  pressure 

O' °  Yield  strength 
K  =  Diameter  ratio  OD/ID 


A  variety  of  materials  can  be  used  in  the 
pressure  tube  construction  but  when  it  is  also 
required  to  act  as  the  hydrogen  barrier,  copper 
is  chosen  as  it  is  more  ductile  and  can  be 
easily  drawn  down  after  the  welded  tube  has  been 
formed. 


In  order  to  minimise  the  attenuation  increase  an 
effective  hydrogen  barrier  must  be  used  to 
minimise  the  attenuation  increase:  Hermetic 

coating  of  the  fibres  can  achieve  this  but  the 
technology  is  very  new  and  is  still  being  proved 
for  underwater  systems.  The  proven  alternative 
is  to  use  a  metallic  tube  such  as  copper  to 
ensure  system  reliability. 

The  increase  in  optical  loss  due  to  hydrogen  can 
be  calculated,  Ref.  (3),  using:- 

=  1.4  x  10"2  P(H2).S^  exp  1550  dB/km  ..  (1) 

RT 

Where:  P  =  Pressure  of  hydrogen  (atm) 

T  =  Temperature  (k) 

R  =  Gas  constant  (1.987  cal. mol  *  °K  S 

=  Scaling  factor  for  a  given  wavelength 
(at  1.55  microns  S  =  2.7) 

The  acrylic  fibre  and  Hytrel  package  with 

viscous  waterblocking  inside  a  hydrogen  barrier 
will  outgas  up  to  8cc(H2)/km.  This  gives  an 

increase  in  optical  loss  for  a  200  km 
unrepeatered  system  of  0.1  dB  after  25  years. 

Hydrogen  will  diffuse,  albeit  very  slowly, 
through  the  hydrogen  barrier.  The  amount  of 

hydrogen  that  can  pass  through  can  be  calculated 
assuming  the  internal  concentration  within  the 
tube  is  negligible,  Ref.  (4),  using:- 

Q  =  2  tP'it 

In  (b/a) 

Where:  Q  =  The  amount  of  hydrogen  passing 
through  the  barrier  per  unit  length. 

R  =  Penetration  rate  of  hydrogen  through 
copper 

t  =  Time 

P  =  Hydrogen  pressure  difference  across 
barrier 

a  =  Internal  diameter  of  barrier 
b  =  Outer  diameter 

Assuming  a  very  worst  case  where  hydrogen 
surrounds  the  tube  at  the  maximum  sea  bed 
pressure  of  40  MPa:- 

R  =  2  x  10-18  cc(H2)  cm-1  S"1  Pa-1/2 


The  potential  problems  with  hydrogen  in  contact 
with  optical  fibres  was  identified  in  1983,  Ref. 
(2).  It  will  cause  an  increase  in  attenuation 
and  must  therefore  be  xonsidered  carefully  when 
designing  a  cable.  It  can  be  generated  within 


The  quantity  of  hydrogen  that  will  pass  through, 
for  example,  a  copper  tube  0.4  mm  thick  will  be 
5  cm8  per  kilometre  of  cable.  Using  Equation  1 
this  will  given  an  increase  in  loss  for  a  200  km 
unrepeatered  system  of  0.06  dB  after  25  years. 
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Fibres  contained  within  this  type  o£  environment 
will  therefore  be  adequately  protected  from  an 
increase  in  attenuation  due  to  hydrogen. 

Electrical  Requirements 

For  unrepeatered  systea.s  there  is  no  requirement 
for  a  high  voltage  insulated  power  feed 
conductor.  However,  an  insulated  conductor  with 
low  attenuation  at  low  frequencies  is  still 
required  to  enable  a  25  Hz  toning  signal  to  be 
transmitted  for  fault  location  in  the  event  that 
the  cable  is  damaged  in  service. 

In  the  design  with  a  central  strength  member  a 
combination  of  the  strand  and  pressure  tube  will 
act  as  the  signal  conductor.  For  the  outer 
strength  member  design  the  pressure  tube  alone 
will  conduct  the  signal. 

Sheath 

The  sheath  must  adequately  protect  the  cable 
during  the  laying/burial  operations  and  for  the 
lifetime  of  the  system.  It  must  be  capable  of 
withstanding  potential  abrasion,  impact,  tearing 
and  stripping  forces  that  may  be  encountered 
during  normal  handling  operations.  It  must  also 
be  able  to  withstand  any  abrasion  on  the  sea  bed 
caused  by  cable  movement.  Cable  movement  is  in 
fact  minimised  by  burial  and  having  a  cable 
density  higher  than  the  sea  bed  material. 

A  reasonably  high  torsional  stiffness  for  the 
cable  is  important  as  it  will  reduce  the  amount 
of  cable  twist  under  tension.  A  material  with  a 
high  rigidity  is  therefore  needed. 

HDPE  has  been  chosen  as  it  has  the  required 
mechanical  properties  and  is  easily  processed. 
It  has  a  good  abrasion  performance  and  has  a 
high  rigidity. 

As  an  additional  protection  from  more  severe 
damage  a  steel  tape  may  be  wrapped 
longitudinally  around  the  sheath  and  a  second 
layer  of  HDPE  applied.  Any  damage  will 
therefore  only  penetrate  the  outer  sheath  down 
to  the  tape. 

Bottom  feeding  sharks  have  been  known  in  rare 
circumstances  to  bite  submarine  cables.  The 
additional  steel  tape  will  also  protect  the 
cable  from  this  potential  hazard. 

Additional  Protection 

In  the  shallower  waters  of  the  Continental  Shelf 
in  water  depths  of  less  than  1000  metres  the 
cables  can  become  damaged  by  external  hazards. 
Fishing  is  the  most  common  cause  ot  submarine 
cable  damage  although  there  are  other  hazards 
such  as  ships  anchors  or  rocky  seabeds.  The 
fishing  activity  can  penetrate  the  seabed  to  a 
maximum  of  60  cm. 


One  of  the  ways  of  overcoming  these  hazards  is 
to  apply  large  amounts  of  additional  armour.  It 
has  been  found  that  the  thicker  the  armour  and 
thus  larger  cable  diameter,  the  lower  is  the 
probability  of  it  becoming  damaged.  This  type 
of  cable  does  not  though  have  a  small  enough 
minimum  bend  radius  to  creel  into  a  container. 

An  alternative  way  of  protecting  the  cable  is  to 
bury  it  into  the  seabed  below  the  depth 

disturbed  by  fishing  activity.  A  plough  can  be 

used  during  the  laying  operation  to  insert  the 
cable  as  it  is  laid.  This  approach  will 
minimise  the  risk  of  in-service  damage.  The 
cable  will  have  a  high  enough  density  to  ensure 
that  the  cable  remains  buried. 

Conclusion 

This  paper  describes  Che  design  process  for  a 

cable  that  must  meet  the  very  high  performance 
and  reliability  targets  for  unrepeatered 
submarine  telecommunication  systems.  This 
approach  has  enabled  us  to  evolve  two  cable 
designs  that  are  currently  undergoing 
qualification  with  confidence  that  they  will 
meet  all  the  service  requirements.  The  cables 

will  be  manufactured  using  our  high  standard 
manufacturing  equipment  and  procedures  to 
produce  a  high  total  quality  product. 
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DEVELOPMENT  of  optical  unit 

FOR  OPTICAL  /  ELECTRIC  POWER  COMPOSITE  UNDER  SEA  CABLE 

N.  Okada,  A.  Mogi,  M.  Miyamoto,  H.  Suzuki 

Fujikura  Ltd.  Chiba,  Japan 


Abstract 

A  newly  designed  optical  /  electric 
power  composite  under  sea  cable  has  been 
investigated.  To  combine  optical  fibers 
with  a  stiff  electric  power  cable,  it  is 
very  important  to  design  the  optical  unit 
structure.  Especially,  in  the  case  of  the 
under  sea  cable,  the  unit  should  be 
superior  in  mechanical  strength  and 
optical  fiber  protection  from  sea  water. 
The  jelly  filled  stainless  steel  pipe(SUS) 
buffered  optical  units  are  adopted  to 
combine  with  an  electric  power  cable. 

Moreover,  the  best  combining  method  is 
studied  to  manufacture  the  composite  cable 
without  degradation  of  the  good 
characteristics  of  the  optical  fiber  and 
the  electric  power  cable. 

We  manufactured  the  short  composite 
cable  experimentally,  and  subjected  it  to 
severe  tensile  test..  As  a  result,  it  was 
verified  that  the  cable  has  excellent 
performance  to  be  applied  to  practical 
use . 


1.  Introduction 

Many  optical  composite  power  cables 
has  been  developed  and  are  used  in  various 
fields  because  of  the  advantages  of 
optical  fibers  such  as  immunity  from 
electromagnetic  interference,  long 
repeater  spacing,  wide  band-width,  small 
size  and  l<ght  weight.  Especially,  the 
cost  to  construct  an  under  sea 
transmission  system  is  so  high  that  it  is 
very  profitable  to  combine  the  optical 
fibers  with  an  under  sea  electric  power 
cable. 

In  the  case  of  under  sea  cable,  the 
optical  fibers  must  be  shielded  from  sea 
water  by  metallic  materials.  Several 
types  of  metallic  pipe  buffered  optical 
units  shown  Jji  Fig.l  have  been  suggested 
and  used.  ' ,'s’  '  (A)  is  single  fiber 


type,  (B)  is  fiber  stranding  type,  (C)  is 
slotted  core  type,  and  (D)  is  tape-fiber 
type. 

To  manufacture  the  composite  cable,  2 
types  of  composite  cable  structure  are 
considered  as  shown  in  Fig. 2.  The 
composite  cable  type  (A)  has  optical  units 
in  the  gap  of  the  standing  three  power 
cables,  and  type  (B)  has  optical  units 
around  the  electric  power  cable  by 
stranding  method.  .Type  (A)  has  been  well 
known  in  general  while  type  (B)  is 
not.  However,  type  (A)  is  not  suitable  to 
composite  so  many  optical  units  with  an 
electric  power  cable,  so  we  studied  type 
(B)  structure. 

The  optical  fiber  is  inserted  into  the 
SUS  pipe  together  with  jelly  compound. 
The  SUS  pipe  buffered  optical  units  enable 
to  strand  around  the  stiff  power  cable 
because  of  its  high  resistance  to  the 
lateral  pressure  and  to  the  humidity. 

Moreover,  from  the  view  point  of  long 
term  reliability,  the  composite  cable 
should  be  designed  to  protect  the  optical 
fibers  from  the  stress  under  severe 
installation  and  environmental  conditions. 
Usually,  the  under  sea  cable  is  armored  by 
the  steel  wires  to  protect  the  cable  from 
the  mechanical  damages  and  to  suppress  the 
elongation  of  the  cable  under  the 
installation.  The  key  point  is  how  to 
strand  the  optical  units  and  the  steel 
armors  around  an  electric  power  cable. 
The  stranding  directions,  stranding  lay 
length,  and  pitch  diameters  are  very 
important . 

The  optical  fiber  /  electric  power 
composite  cable  was  manufactured 
experimentally  and  was  subjected  to  severe 
tensile  test  assuming  the  installation  of 
an  under  sea  power  cable.  As  results, 
this  composite  cable  showed  sufficient 
performance . 
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StBlniatt  Steal  Pipe 

Optical  Fiber 
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Fig.1  Cross  Sections  of 

Metallic  Pipe  Buffered  Optical  Units 


Optical  Fiber  Unit 
Electric  Power  Cable 


Composite  Cable  Type  (A) 


Optica!  Fiber  Unit 
Electric  Power  Cable 


Composite  Cable  Type  (B) 

Fig.2  Cross  Sections  of  Composite  Cables 


2.,  Cable  design 

To  manufacture  the  optical  /  electric 
power  composite  under  sea  cable  without 
degradation  of  the  excellent  cable 
characteristics,  the  important  points  are 
how  to  design  the  optical  unit  and  how  to 
combine  it  with  an  electric  power  cable. 


b) High  resistance  to  t'he  lateral 
pressure 

The  optical  units  should  have 
high  resistance  to  the  lateral 
pressure  "tio  combine  them  with  a 
stiff  electric  power  cable. 

c) 0ptical  fiber  protection  from  the 
sea  water 

The  optical  fiber  worsen  its 
mechanical  property  Ln  water.  .  So 
the  unit  structure  should  protect  the 
fibers  from  the  sea  water. 

d )  Long  length  unit  with  long  term 
reliability 

The  optical  fiber  should  be  given 
high  proof  test  considering  severe 
installation  and  environmental 
conditions.  Moreover,  to  manufacture 
so  long  optical  units,  the  optical 
fibers'  must  be  spliced  With  high 
strength  in  small  diameter. 

Based  on  these  criteria,  the  optical 
fiber  unit  structure  is  designed. 

The  400um  UV  curable  resin  coated 
fiber  is  adopted  to  manufacture  so  long 
optical  unit  with  high  reliability.  This 
fiber  has  good  resistance  to  2%  proof 
test.  The  fibers  can  be  spliced  each 
other  by  arc-fusion  method  and  the 
splicing  point  can  be  re-coated  by  UV 
curable  resin  fcith  high  mechanical 
strength. 

The  optical  fiber  unit  should  be 
designed  to  have  high  resistance  to  the 
lateral  pressure  because  the  optical  units 
are  combined  with  an  heavy,  large,  and 
stiff  electric  power  cable.  Moreover,  in 
the  case  of  the  under  sea  cable,  the  unit 
structure  should  protect  the  optical 
fibers  from  the  sea  water.  Therefore  the 
optical  fibers  are  inserted  into  the  SUS 
pipe  together  with  jelly  compound.  This 
unit  structure  satisfies  the  condition 
concerning  small  diameter  unit.-  And  the 
pipe  is  jacketed  with  poly-ethylene  to 
protect  the  SUS  pipe  from  the  sea  water.. 

In  the  case  that  the  optical  fibers 
are  placed  in  the  SUS  pipe  loosely,  the 
points  to  which  special  attention  should 
be  paid  are  the  excess  fiber  length  in  the 
SUS  pipe  and  the  shrinkage  of  the  SUS  pipe 
by  bending. 


2  1.  Optical  fiber  unit  structure 

The  requirements  for  the  optical  fiber 
unit  are  the  followings. 

a) Small  diameter 

The  optical  unit  should  have 
small  diameter  to  combine  with  an 
electric  power  cable  in  small 
diameter. 


2-1-1.,  Excess  fiber  length  in  the  SUS  pipe 

The  characteristics  of  the  SUS  pipe 
buffered  fiber  are  influenced 
significantly  by  the  excess  fiber  length 
in  the  SUS  pipe.  If  the  length  of  the  SUS 
pipe  is  longer  than  the  optical  fiber,  the 
critical  strain  may  appear  on  the  optical 
fiber.  But,  the  loss  increase  results 
from  so  much  excess  fiber  length.  So  the 
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region  of  the  excess  fiber  length 
tolerance  exists. 

It  is  assumed  that  the  excess  fiber 
length  is  put  in  the  SUS  pipe  as  shown  ?in 
Fig.  3.*  The  curvature  of  the  optical  fiber 
is  given  by 

i* 

2mx  it 

y  =  Asin(  — - —  -  — —  )  +  A  (1) 

P  2 

Here,  A  and  P  are  the  amplitude  and  the 
pitch  of  the  sin-curving  optical  fiber  in 
the  SUS  pipe.  The  radius  of  the  curvature 
R  is  evaluated  from  the  definition  and  the 
minimum  radius  Rmin  is  obtained  at 
x — 0 , P , 2P , • • . » 

(  l  +  y,2)T 

R  =  - i - -  (2) 

y" 

p2 

Rmin  =  — -  (3) 

4A7t2 

Fiber  length  L  is  obtained  by 


L  =  Wl  +  y'2  dx  =  x(  1  +  ( - )2)  (4) 

J  p 

The  ratio  of  the  excess  fiber  length  K  is 
defined  by 

1  -  x 

K  =  -  (5) 

x 

From  (3), (4), (5),  the  ratio  of  the  excess 
fiber  length  K  as  a  function  of  the 
amplitude  A  and  the  minimum  radius  Rmin  of 
the  optical  fiber  curvature  is  given  by 

A  Dsi-Df 

K  =  -  =  -  (6) 

4Rmin  8Rmin 


The  amplitude  of  the  optical  fiber 
curvature  A  is  determined  by  the  inside,* 
diameter,  of  the  'SUS  pipe  Dsi  arid  the 
outside  diameter  of  the  optical  fiber  Df . 

For  the  case  that  the  400ura  UV  fiber 
is  inserted  into  the  SUS  pipe,  the 
relationship  between  the  ratio  of  excess 
fiber  length  K  and  the  minimum  radius  of 
optical  fiber  in  the  SUS  pipe  Rmin  is 
shown  in  Fig. 4.  From  the  view  point  of 
the  loss  increase,  the  minimum  bending 
radius  of  the  optical  fiber  is  considered 
20mm.  Arid  it  is  desired  that  the 
allowable  excess  fiber  length  is  larger 
than  0.2X,  because  the  large  allowable 
region  of  the  excess  fiber  length  gives 
easier  control  of  the  manufacturing 
process . 


Pig,  4  Relationship  between  Ratio  of  Excess  Fiber  Length 
K  and  Minimum  Radius  of  Optical  Fiber  in  SUS 
Pipe 


2-1-2.  Shrinkage  of  the  SUS  pipe 

The  SUS  pipe  is  fabricated  by  SUS  tape 
forming,  welding,  and  drawing  process.  At 
the  same  time,  the  fiber  and  jelly 
compound  are  inserted  into  the  SUS  pipe.- 
The  SUS  pipe  shrinks  due  to  the  residual 
strain  releasing  when  the  SUS  pipe  is 
bent.  The  shrinkage  causes  the  increase 
of  the  excess  fiber  length  in  the  SUS  pipe 
and  then  loss  increase  may  be  observed. 
This  phenomenon  occurs  when  the  bending 
stress  is  larger  than  the  elastic  limit.- 
Fig. 5  shows  the  bending  stress  of  the 
several  SUS  pipe.  So  the  allowable 
bending  radius  should  be  decided 
considering  the  elastic  limit.  From  the 
experimental  results,  the  elastic  limit  of 
the  used  SUS  pipe  was  found  about  0.4X. 

As  mentioned  above,  the  diameter  of 
the  SUS  pipe  should  be  larger  from  the 
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view  point. -of  the  excess  fiber  length 
tolerance. .  But  the:  large  diameter:  SUS 
pipe  should  not  ,  be  bent  into  small 
diameter;.  So  we  designed  the  dimensions 
of  the  SUS  pipe  as  shown  in  Fig";  6  i  The 
outside  and  inside  diameter  of  the  SUS 
pipe  are  i . 1mm  and  0.9mm. 


Fig.  5  Bending  Stress  dependence  on  Outside  Diameter 
of  SUS  Pipe 


D9l«0.0rmri 


Stainless  Steel  Pipe 
400gm  UV  Optical  Fiber 


Dao«1,1mm 

■« - ► 


direction  that  the  steel  armors  are 
loosened.  the  cable  elongation  is  mainly 
due  to  the  excess  steel  armors  loosening, 
and  at  the  same  time,  the  critical  strain 
■ay  appear  on  the  optical  fibers.  To 
solve  this  problem*  when  the  cable  is 
twisted,  the  optical  fiber  should  be 
loosened,  too.  Therefore  the  stranding 
direction  of  the  optical  units  should  be 
designed  the  same  as  that  of  the  steel 
armors.  Moreover,  it  is  desired  that  the 
optical  units  are  hot  stressed  under  the 
twisted  cable  condition.  The  key  points 
are  how  to  strand  the  optical  units  and 
how  to  strand  the  steel  armors  around  the 
electric  power  cable.  The  pitch  diameter 
and  ^stranding  lay  length  are  very 
important  parameters. 

The  composite  cable  which  has  L0  m  in 
length  is  lengthened  to  LI  m  by  twisting 
through  S  degrees.  Then  the  length  of  the 
optical  units  may  be  changed  as  shown  in 
Fig. 7.  Here,  Ps  and  Ds  are  the  lay  length 
and  the  pitch  diameter  of  the  steel 
armors,  and  Pf  and  Df  are  those  of  the 
optical  units.  The  strain  of  the  optical 
units  are  influenced  by  the  ratio  of  the 
lay  length  to  the  pitch  diameter  of  the 
steel  armors  Pf/Df  and  that  of  the  optical 
units  Ps/Ds.  The  best  ratio  is  found  that 
(Pf/Df )/(Ps/Ds)  is  equal  to  Df/Ds.  For 
example,  when  Df=100mm,  Ds=120mm, 
Ps=1560mm,  the  best  lay  length  of  fiber  Pf 
is  calculated  1090mm.  Fig. 8  shows  that 
the  strain  of  the  optical  fiber  when  the 
composite  cable  is  twisted.  The  optical 
units  are  not  stressed  under  several 
twisting  conditions. 


Fig.6  Cross  Section  of  Stainless  Steel 
Buffered  Optical  Unit 


2-2.  Composite  cable  structure 

The  SUS  pipe  buffered  fibers  can  be 
stranded  around  an  electric  power  cable 
because  of  its  excellent  lateral  pressure 
resistance.  This  method  is  superior  to 
composite  so  many  optical  units  with  an 
electric  power  cable. 

Generally,  the  under  sea  cable  is 
armored  by  the  steel  wires  to  protect  the 
cable  from  the  mechanical  damages  and  to 
suppress  the  cable  elongation  during  the 
installation.  So  the  steel  armors  are 
stranded  over  the  cable  that  the  SUS  pipe 
buffered  fibers  are  stranded  around  the 
electric  power  cable.  In  this  case,  the 
cable  may  be  twisted  easily  in  the 


Fig.  7  Change  of  Optica!  Unit  Length  by 
Cable  Twisting 
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Fig  8  Dependence  of  Fiber  Strain  in  Twisted  , 
Cable  on  Ratio  ( Pf /Df )  /  ( Ps  /  Ds ) 


3.  Characteristics 

3-1.  SUS  pipe  buffered  optical  unit 

The  SUS  pipe  unit  shown  in  Fig. 6  was 
manufactured  experimentally  and 
investigated  the  several  characteristics. 
The  400um  UV  coated  optical  fiber  which 
has  9.5um  of  mode  field  diameter  and 
1 . 24um  of  cut  off  wavelength  was  inserted 
into  the  SUS  pipe. 


3-1-1.  Resistance  to  the  lateral  pressure 

The  SUS  pipe  buffered  optical  unit 
shows  excellent  resistance  to  the  lateral 
pressure  shown  in  Fig. 9.  The  loss 
increase  is  not  observed  at  2.5kg/mm. 


Fig.9  Resuit  of  Lateral  Pressure  Test 


3-1-2.  Excess  fiber  length  in  the  SUS  pipe 

The  excess  fiber  length  in  the  SUS 
pipe' is  .very  important  factor.  So  the 
excess  f ibers length  is  investigated  in 
detail.  As  a  result,  it  is  verified  that 
around  0.05%  of  the  excess  fiber  is 
arranged  in  the  SUS  pipe. 


3-1-3.  Shrinkage  of  the  SUS  pipe 

The  shrinkage  of  the  SUS  pipe  by 
bending  is  investigated.  The  SUS  pipe  is 
passed  through  the  testing  line  several 
N  times  shown  in  Fig. 10.  As  a  result,  it  is 
verified  that  the  shrinkage  is  related  to 
the  bending  radius.  From  Fig. 11,  It  is 
noted  that  the  shrinkage  is  very  large  as 
bending  radius  is  less  than  100mm. 


Fig.  10  Test  Line  of  SUS  Pipe  Shrinkage 
by  Bending  Radius  R 


Fig.  II  Result  of  Shrinking  Ratio  by  Bending  Radius  R 


3-2.  Experimental  composite  cable 

The  short  composite  cable  was 
manufactured  experimentally,  snd  was 
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subjected,  to  several  .tests  to  examine 
optical  performance  under  mechanical 
environments.  The  SUS  pipe  buffered  units 
are  jacketed  with  poly-ethylene  to  protect 
it  from,-* sea  water-.  The  jacketed  unit 
diameter  is  about  3.0mm.  These  optical 
units  and  steel  armors  are  stranded* around 
an  electric  power  cable  as  mentioned 
in  chapter  2-2. 


3-2-1.  Tensile  test 
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ABSTRACT 


With  the  expanded  application  of  optical  cable,  a 
movement  to  introduce  the  optical  cable  In  various 
field  is  Intensified.  Particularly  needs  of  a 
non-metallic  type  optical  cable  utilizing  largely 
the  characteristics  of  optical  fiber  has  been 
increased  remarkably.  Under  such  a  background  and 
on  assumption  to  Increase  introducing  of  a  non- 
metallic  cable  to  very  severe  environment,  we  have 
developed  a  FRP  outer  sheath  type  non-metallic 
optical  cable  excellent  to  the  transmission  and 
the  mechanical  characteristics  and  have  developed 
an  economical  manufacturing  process  to  Its  outer 
sheath  process  for  a  direct  burying  of  optical 
cable  in  an  area  of  frequent  occurrence  of 
earthquake,  landslide  or  upheaval  at  the  permanent 
frozen  cold  district. 

1.  Introduction 


With  the  expanded  application  of  optical  cable, 
Introduction  of  an  optical  cable  comes  in  a 
positive  Investigation  even  in  an  severe 
environment  that  a  copper  communication  cable  has 
not  been  considered  so  far.  The  stable 
transmission  characteristics  with  a  low  loss  and  a 
wide  band  of  non-metallic  optical  cable  and  the 
wide  temperature  range  which  is  the  striking 
characteristics  of  optical  cable  are  a  large 
factor  to  the  expanded  application  of  it.  For  a 
communication  network  in  a  district  where 
lightning  damage  occurs  frequently,  which  is  one 
of  severe  environment,  optical  cables  frequently 
are  directly  buried  into  the  land  at  these 
districts,  as  well  as  a  non-metallic  cable  is  very 
effective  in  these  cases.  Accordingly  the  cable 
is  armored  to  give  a  mechanical  protection  and  it 
is  generally  used  with  a  metallic  material  such  as 
iron  or  steel.  These  metals  are  needed  to  take  a 
measure  against  lightning  damage.  Although  the 
measures  with  combination  of  some  metallic 
materials  of  different  conductivities  have  been 
tried,  they  are  not  always  effective.®  Therefore, 
a  necessity  of  the  optical  cable  with  an  outer 
sheath  using  non-metallic  materials  is  intensified 
and  an  more  expanding  application  of  this  type 
cable  will  be  expected  with  an  installation  in  the 
region  where  earthquakes  and  landslides  frequently 
occur  as  well  as  upheaval  of  lands  in  a  cold 
district.  The  author  et  al  have  developed  a  FRP 
armored  non-metallic  optical  cable  possible  for 
direct  burial  installation,  which  is  arranged 
densely  with  FRP  rod  (of  an  excellent  tension 
resistance  and  an  excellent  pressure  fracture 


strength)  as  outer  sheath  on  the  internal  core 
cable.  This  paper  is  described  about  tee 
structure,  manufacturing  process  and  evaluated 
results  of  this  FRP  armored  non-metallic  optical 
cable. 

2.  Optical  Cable  Design 

The  sectional  view  of  the  developed  FRP  armored 
non-metallic  optical  cable  is  shown  in  Figure  1.- 
24  cores  jelly-filled  grooved  spacer  type  non- 
metallic  optical  cable  used  with  a  single  mode  4- 
fiber-ribbon  was  used  to  the  internal  core  cable. 
This  core  cable  is  stranded  closely  with  a 
polyethylene  covered  several  millimeter  diameter 
FRP  rod  in  about  500mm  pitch,  filled  with  jelly 
and  then  mounted  with  a  polyethylene  sheath.  The 
diameter  and  number  of  FRP  rod  are  possible  to  set 
to  suit  a  laying  tension,  but  in  this  case  two 
types  cables  of  FRP  rod  diameter  3.5mm  A  type  and 
5.5mm  B  type  were  designed  and  manufactured.  The 
structural  item  of  the  2  types  of  cables  is  shown 
in  the  table  1. 


4-fiber  ribbon 
Filling  compound 
Grooved  spacer 
Central  strength  member 
Armoring 

(Plastic  covered  FRP) 
Wrapping 
Inner  sheath 
Outer  sheath 

Fig.l  The  structure  of  FRP  Armored 
non-metallic  optical  cable 

Table  1.  Structural  item  of  FRP  armored 
non-metallic  optical  cable 


Item 

Type  A 

Type  B 

FRP  rod  diameter 

3.5mm 

5.5mm 

Primary  coating  diameter 

4.5mm 

6.5mm 

Number  of  FRP  rod 

12 

10 

Cable  diameter 

25mm 

31mm 

Cable  Weight 

600kg/km 

lOOOkg/km 
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3.  FRP  Armoring  Process 

In  the  FRP  armored  non-metal  lie  optical  cable 
arranged  densely  with  the  several  millimeter  FRP 
rod  designed  in  the  previous  section,  stranding  a 
cured  FRP  rod  as  it  is  on  an  optical  cable  core 
may  cause  some  trouble  in  the  following  points. 
The  stranding  is  difficult  due  to  the  repulsion 
force  of  FRP  rod,  and  the  handling  properties  as 
cable  and  the  stability  of  stranding  are  no  good. 
Although  it  is  wound  with  tape,  the  stranding  may 
return  around  the  breaking  point  of  cable  and  fall 
into  disorder  by  repeated  bending.  Aiso  the 
process  is  complicated  together  with  a  high  cost. 
The  author  et  al  reported  the  manufacturing 
process  of  the  FRP  strand  cured  in  tandem  through 
stranding  a  uncured  rod-like  FRP  product.® 
Recently,  with  a  more  development  of  this  process, 


we  have  developed  the  manufacturing  process  of  FRP 
armored  non-metal  lie  cable  to  settle  the  above 
problems.  Its  outline  is  shown  in  Figure  2  and 
Photo  1.  The  optical  cable  core  is  fed  in  a 
constant  tension  with  turning  in  a  constant  rotary 
speed  and  a  uncured  rod-like  FRP  product  coated 
thinly  with  a  flexible  thermoplastic  resin  such  as 
polyethylene  is  stranded  on  the  outer  periphery  of 
the  core  under  a  constant  tension.  Then,  it  is 
covered  with  a  polyethylene  sheath  and  is  set  by  a 
curing  of  the  uncured  FRP  in  a  hot  water  chamber 
about  100°C.  The  rotated  taking-up  machine  and 
the  rotated  winding  machine  are  controlled  in 
interlocking  with  the  rotated  supply  machine  for 
cable  core.  The  taking-up  speed  is  2m/min,  the 
length  of  curing  chamber  is  16m  and  the  retention 
time  is  8  minutes.  A  longer  length  of  curing 
chamber  is  possible  to  speed  up. 


Fig. 2  Outline  of  manufacturing  process  &  products  of  FRP  Armored  non-metal  1 ic  optical  cable 


Photo  1 

View  of  manufacturing  process 
of  FRP  Armored  non-metallic 
optical  cable 

(especially  for  stranding  and 
sheathing  process) 
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4.  Characteristics  of  FRP  Armored  Non-metal  lie 
Optical  Cable 

This  section  is  described  about  the  evaluated 
results  of  the  FRP  armored  non-metal  lie  optical 
cable. 

4-1.  Optical  Characteristics 

4-1-1.  Attenuation  Changes  After  Cabling 

This  cable  is  used  with  a  UV-resin  coated  single 
mode  fiber  having  the  characteristics  shown  in 
Table  2,  on  condition  of  use  in  1.3pm  band.  The 
evaluated  results  of  the  attenuation  fluctuation 
between  the  processes  across  the  FRP  armoring 
process  for  1000  meter  cable  are  shown  in  Figure 
3.  The  attenuation  fluctuation  for  the  24-core 
single  mode  fiber  shows  the  very  stable 
characteristics  within  the  maximum  0.01  dB/km. 


Table  2.  Characteristics  of  fiber 


Item 

Characteristics 

Fiber  type 

Single  mode 

Operating  wavelength 

1 ,3pm 

Number  of  fibers 

24 

Attenuation  (1.3pm) 

<0.4  d8/km 

Cutoff  wavelength 

1.10  n,  1.28pm 

Dispersion  (1.285  n-  1.33pm] 

<3.5  ps/nm-km 

Coating  diameter 

250pm 

0.5 


J1  0.4 

CO 


c 

o 

0.2 

ra 

3 

I  0.1 

+J 

< 

0.0 


Fig. 3  Attenuation  of  optical  fibers 
in  cable  manufacturing 


A=1 .3pm 

O - - - O - o 

A=1.55pm  (Reference) 
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Inner  Core  FRP-rod  Sheathing 
Cable  Stranding 


4-1-2,  Temperature  Characteristics 

The  attenuation  fluctuation  in  1.3pm  due  to 
temperature  change  within  the  temperature  range  of 
-40  to  +70°C  was  evaluated  in  a  condition  of  loop 
connection  to  the  24-core  fiber.  The  results  are 
shown  in  Figure  4.  The  loss  fluctuation  in  this 
temperature  range  was  within  0.05  dB/km  and  any 
deterioration  of  the  characteristics  due  to  the 
FRP  armoring  process  was  not  recognized.  The 
stable  characteristics  were  shown  even  in  the  low 
temperature  of  -40°C.  The  cable  was  proved  to  be 
enough  possible  for  application  even  in  a  cold 
region. 


Fig. 4  Temperature  test 


4.2  Mechanical  Characteristics 


4-2-1.  FRP  Rod's  Mechanical  Characteristics 
After  Cabling 

The  mechanical  or  physical  characteristics  of  the 
FRP  rod  after  cabling  and  the  FRP  rod  cured  in  a 
usual  linear  line  condition  were  compared  by  the 
following  test.  The  results  and  test  methods  of 
the  3-point  bend  test,  the  compression  test,  the 
repeated  bend  test  and  the  3-point  bend  test  in 
-30°C  are  shown  in  Table  3.  The  physical 
characteristics  of  the  FRP  rods  in  a  room 
temperature,  -30°C  and  after  cabling  are  little 
changed,  though  they  are  cured  in  a  linear  line 
condition.  The  cable  stranded  in  250mm  pitch  with 
FRP  rods  cured  in  a  linear  line  condition  and  the 
cable  cured  after  stranding  in  the  same  pitch  with 
uncured  FRP  product  were  evaluated  with  the 
tensile  characteristics  and  its  results  are  shown 
in  Table  3  with  test  apparatus.  The  initial 
Young's  modulus  among  them  was  almost  the  same 
value  of  about  4400  kg/mm?. 


4-2-2.  Mechanical  Characte.  os  of  FRP 
Armored  Non-metal  lie  i,,  al  Cable 

The  mechanical  characteristics  of  the  recently 
developed  FRP  armored  non-metal! ic  optical  cable 
are  summarized  in  Table  4.  The  detail  test 
results  of  the  tensile  and  pressure  breaking 


46  International  Wire  &  Cable  Symposium  Proceedings  19S0 


Ceformation  (%)  Cable  Eiongat'.on  (%) 


0  I  l  3  4  5  J  7  !  S  18 

Tensile  strength  ( kgf ) 


Fig. 5  Tensile  test  results 


Compression  load  (kgf/lOOmO 


Fig. 6  Compression  test  result 


0  2  <  6  8  10 


Weight  (kg) 

Fig. 7  Flexibility  test  results 


characteristics  and  the  flexibility  are  shown  in 
Figure  5  to  Figure  7,  but  particularly  the  tensile 
characteristics  was  calculated  on  the  basis  of  the 
initial  tensile  modulus  of  FRP  rod  indicated  in 
the  previous  section.  It  is  found  that  the 
tensile  load-elongation  characteristics  agrees 
almost  with  the  experimental  value.  It  is 
indicated  that  each  FRP  rod  has  been  uniformly 
arranged  on  the  internal  core  cable.  From  the 
results  of  Table  4  and  Figure  7,  it  is  proved  that 
the  FRP  armored  non-metal  lie  optical  cable  is 
practically  no  problem  in  the  flexibility. 
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Table  4.  Mechanical  Characteristics  of  FRP  Armored  Non-Metallic  Optical  Cable 


TEST  METHOD 


Tensile 

strength 


Compressive 

strength 


Thermal 

resistive 

bend 


A=1.3pm  I  letter 

Gauge  length=2000mm 
Pulling  speed=5mm/mi n 


I  meter  I  Light 


A=1 .3pm 
Compression  width=100mm 
Compression  speed=lmm/min 


RESULTS 

TYPE  A 

TYPE  B 

No  loss  increase  to 

6.5  tons. 

Load  at  0.2%  elonga¬ 
tion:  1.0  ton 

Tensile  breaking  load 
:  16.9  tons 

No  loss  increase  to 

9.0  tons. 

Load  at  0.2%  elonga¬ 
tion:  2.4  tons 

Tensile  breaking  load 
:  32.1  tons 

No  loss  change  to 

2.2  tons/lOOmm. 

Load  at  20%  flatt¬ 
ening:  1050kg 

No  loss  change  to 

1.4  tons/lOOmm. 

Load  at  20%  flatt¬ 
ening:  900kg 

No  loss  change  to 
300mm. 

Min.  bend  dia. :  300mm 

No  loss  change  to 

400mm. 

Min.  bend  dia.:  400mm 

No  loss  change  to 
t  360° 

No  loss  change  to 
±  360° 

Deflection  at  load 
10kg:  260mm 

Deflection  at  load 

10kg:  150mm 

No  breaking  of  FRP 
to  500mm$. 

No  breaking  of  FRP 
to  700nvn$. 
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5.  Conclusion 


We  designed  a  non-metal  lie  optical  cable  with  FRP 
armor  possible  for  a  direct  burial  installation 
even  to  a  very  severe  environment  such  as  thunder 
frequent  occurrences,  cold  regions  and  frequent 
upheavals  of  lands,  furthermore  improved  the 
reliability  and  handling  properties  as  an  optical 
cable  and  developed  an  economical  manufacturing 
method.  The  recent  developed  optical  cable  is 
expected  to  show  the  excellent  performance  of  the 
transmission  and  mechanical  characteristics  and  to 
expand  much  more  the  application  range  of  optical 
cable. 
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Abstract. 

Communications  in  the  USSR  are  based 
on  the  Central  Automatic  Communications 
Network  of  the  USSR,  which  unites  all 
electrical  means  of  communications  into  a 
common  state  system.  Taking  into  account 
the  enormous  dimensions  of  our  country, 
long-distance  cable  lines  are  a  necessary 
means  for  providing  reliable  and  high- 
quality  electrical  communications,  as  well 
as  radio  and  TV  broadcasting.  Therefore, 
the  broadening  of  the  network  of  cable 
lines  continues  to  be  a  primary  object  on 
today's  agenda  and  it  is  closely  tied  into 
a  corresponding  increase  in  the  production 
of  long-distance  cables.  The  development 
of  these  transmission  cables  is  associated 
with  the  broadening  of  the  frequency  range 
and  an  increase  in  the  number  of 
communication  channels  as  well  as  an 
increase  of  communication  distance  and 
maximum  automation  of  cable  channels. 
Optical  cables  find  their  most  effective 
application  in  long-distance  cable 
connections.  Nevertheless,  coaxial  lines 
still  make  up  the  majority  of  long¬ 
distance  cable  lines  in  the  USSR. 


Communication  Cable  Types. 
Conventional  Transmission  Cables. 

Trunk  cables  with  four  standard  type 
2. 6/9. 5  mm  coaxial  units  and  five  star 
quads  are  produced  in  quantity  in  the 
USSR.  Cables  are  multiplexed  with  K-1920, 
K-3600  and,  in  the  future,  with  K-5400 
systems  in  the  frequency  range  up  to  60 
MHz.  Transition  to  digital  transmission 
with  systems  numbering  1,920  channels  is 
in  preparation. 

Cables  with  metal  sheaths  of  different 
types  (lead  and  aluminum)  are  produced. 
Copper  wires  and  polyethylene  spacers  are 
used,  respectively,  as  inner  conductors 
and  as  insulation  in  coaxial  cables. 


Production  methods  for  coaxial  cables, 
in  wide  use  in  the  USSR,  consist  of 
separate  fabrication  of  the  polyethylene 
spacers,  combined  calibration  and  cleaning 
of  the  inner  conductor  in  single-die 
drawing  units.  The  spacers  are  then  placed 
around  the  inner  conductor,  followed  by 
the  application  of  the  outer  conductor 
copper  tape  and  a  screen  made  from  two 
steel  tapes  and  a  protective  jacket. 

The  cable  core  consists  of  four  stranded 
coaxial  units  and  five  star  quads  of 
polyethylene-insulated  conductors.  The 
core  is  covered  with  paper  tapes  or  other 
insulating  material.  It  has  a  metal  sheath 
with  a  protective  polyethylene  jacket. 

In  areas  subject  to  electro-magnetic 
radiation  or  where  difficult  laying  con¬ 
ditions  may  be  encountered,  armored  cables 
with  different  types  of  protective  cover¬ 
ings  are  used. 

The  electrical  properties  of  the 
2. 6/9. 5  nun  coaxial  units  are  in  accordance 
with  CCITT  recommendations,  that  is: 

Characteristic  impedance 

(@  2.5  MHz):  75  ohms±0.4  ohms 

Reflection  coefficient  at  any  point  of  the 
factory  length  of  the  coax  unit:  3%  max. 

Nominal  attenuation  (@  1.0  MHz):  2.4  dB/km 

In  addition  to  this  type  coaxial  cable, 
miniature  cables  with  1.2/4. 6  mm  units  and 
five  symmetrical  pairs  are  produced  in  the 
USSR. 

The  cable  cores  are  enclosed  by  metal 
sheaths  (lead  or  aluminum)  and  they  are 
multiplexed  vith  K-1020  in  a  frequency 
range  up  to  10  MHz  for  analog  systems  and 
PCM-400  up  to  40  MHz  for  digital  systems. 
The  inner  conductors  of  coaxial  units  con¬ 
sist  of  copper  wires  with  solid 
polyethylene  insulation. 
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The  manufacturing  process  of  coaxial 
units  includes  the  following  stagess 
extrusion  of  the  polyethylene  insulation 
on  the  inner  conductor  of  the  coaxial 
unit,  placing  the  outer  conductor  in  the 
form  of  a  tube  made  from  copper  strip, 
applying  the  screen  which  consists  of  two 
helically-laid  steel  tapes  and  a  layer  of 
plastic  tapes. 

The  conductors  in  the  symmetrical  pair 
are  polyethylene-insulated.  The  cable 
consists  of  four  stranded  coaxial  units, 
five  symmetrical  pairs  and  a  control 
single.  The  core  is  protected  with  a  layer 
of  belted  paper  tape,  a  metal  sheath  and  a 
protective  polyethylene  jacket. 

Fiber  optic  transmission  cables. 

No  increase  is  planned  in  the 
production  of  traditional  transmission 
cables  in  the  USSR  over  the  next  five 
years.  Further  development  in  this  field 
calls  for  the  use  of  fiber  optic  cables  in 
long-distance  communication  lines.  For  ex¬ 
ample,  the  1,100  km  Leningrad  -  Minsk  line 
is  presently  under  construction.  Some 
design  variations  are  being  considered, 
such  as  various  types  of  single-mode 
optical  fiber  cables  with  from  4  to  16 
fibers  for  manual  and  mechanized  laying  in 
soil  and  in  water  for  river  crossings,  and 
single-fiber  cables  for  unattended 
repeater  stations. 


Cables  may  or  may  not  contain  metallic 
components.  However,  cables  intended  for 
laying  in  rivers  and  marshes  more  than  2  m 
deep  must  contain  metallic  protective 
layers. 

First-generation  cables  have  the 
following  optical  characteristics: 


Attenuation  (@1.3  pm): 
Max.  dispersion 

1.285  to  1.330  pm; 
1.270  to  1.340  pm: 
Cutoff  wavelength: 


0.5  to  0.7  dB/km 

3.5  ps/nm  km 
6  ps/nm  km 
1.00  to  1.280  pm 


The  cable  has  a  solid  hydrophobic 
filler  and  is  protected  against  rodents. 
It  is  resistant  to  the  following 
environmental  conditions: 


-40°C  to  +50°C  (steady-state  and  cyclical) 
Relative  humidity:  up  to  100%  (@35°  C) 

Second-generation  long-distance  single¬ 
mode  cables  are  designed  for  use  at  the 
1.55  pm  wavelength.  They  are  characterized 
by  attenuation  up  to  0.3  dB/km,  dispersion 
value  of  2.7  ps/nm  km  for  cables  with  560 
Mbit/s  capacity  and  3.5  ps/nm  km  for 
cables  with  144  Mbit/s  capacity.  The  first 
cables  of  this  type  are  being  manufactured 
this  year. 


Figs.  1  and  2  show  the  designs  of  a 
4-fiber  optical  cable  with  glass- 
reinforced  plastic  members  and  steel  wire 
reinforcement  and  that  of  an  8-  fiber 
optical  cable  with  glass-reinforced 
plastic  and  glass-plastic  reinforcements, 
respectively. 


2  -  polyethylene  profile 

3  -  fiber  with  cladding 

4  -  petrojelly 

5  -  polyester  tape 

6  -  polyethylene  covering 

7  -  steel 

8  -  polymer 

9  -  filler 

10-  polymer  tape 

11-  polyethylene  jacket 


Fig.  1  Design  of  a  fiber  optic  cable  with 
glass-reinforced  plastic  strength  member 
and  steel  wire  reinforcement. 

The  change-over  to  optical  cables  for 
inter-city  communication  lines  is  planned 
but  at  the  present  time  these  lines  are 
still,  for  the  most  part,  equipped  with 
traditional  cables. 

A  few  high-frequency  cable  types  are 
produced  for  regional  communication  lines 
not  exceeding  200  km.  These  cables 
traditionally  consist  of  quads  with 
polystyrene  helixes.  Cables  of  this  type 
are  intended  for  use  in  analog 
transmission  systems  in  the  frequency 
range  up  to  552  kHz.  Transmission  of  1,380 
telephone  channels  is  ensured  by  multi¬ 
plexing  of  one  of  the  quads  of  the  four- 
quad  cable  with  the  K-1020  system  and  the 
other  quads  with  K-60.  The  use  of  ternary 
PCM-480  digital  transmission  systems 
allows  for  the  use  of  3,840  telephone 
channels. 
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2  -  polyethylene  profile 

3  -  fiber  with  cladding 

4  -  petrojelly 

5  -  polyester  tape 

6  -  polyethylene  covering 

7  -  glass-reinforced,  plastic 

strength  member 

8  -  filler 

9  -  polymer  tape 

10-  polyethylene  jacket 

Fig.  2  Design  of  an  8-fiber  optical  cable 
with  glass-reinforced  plastic  strength 
member  and  glass-plastic  reinforcement. 

The  number  of  quads  in  the  cables  is 
4  or  7.  The  core  is  of  traditional  design: 
1.2  mm  dia.  (No. 17  AWG)  copper  conductors 
and  helical  polystyrene  spacers.  The 
insulated  conductors  are  stranded  in 
quads,  four  or  seven  quads  stranded  into  a 
core  and  covered  with  paper  tape. 

Depending  on  the  application,  the  cables 
are  provided  with  protective  lead,  or 
corrugated  aluminum  or  steel  sheaths.  The 
sheaths  are  covered  by  polyethylene 
jackets. 

The  use  of  a  special  laminated 
polyester-polyethylene  insulating  tape 
enabled  us  to  double  the  electrical 
breakdown  strength  without  changing  the 
frequency-dependence  of  the  attenuation. 
Furthermore,  by  substituting  the 
traditional  steel  strip  armor  (in 
protective  covers)  by  corrugated  armor,  we 
increased  the  cable's  resistance  to 
lightning,  while  improving  its  resistance 
to  external  mechanical  loads,  especially 
the  compression  strength. 


Finally,  the  placing  of  two  poly¬ 
ethylene  jackets  (over  the  aluminum  and 
over  the  corrugated,  welded  sheath, 
respectively)  provides  reliable  protection 
of  the  cable  against  corrosion  and 
electrical  and  mechanical  stresses. 

The  use  of  high-frequency  symmetrical 
cables  with  foam  skin  polyethylene 
insulation  is  planned  during  the 
transition  period  for  increased  use  of 
fiber  optic  cables  for  regional 
communications . 

Alongside  with  regional  communication 
cables,  plastic- jacketed  polyethylene- 
insulated  single-quad  cables  and  four- 
quad  cables  with  polyethylene  insulation 
in  aluminum  sheaths  are  used.  The  latter 
are  intended  for  regions  with  high 
lightning  activity.  The  cables  described 
above  are  designed  for  multiplexing  with 
K-60  analog  systems  in  the  252  kHz 
frequency  range.  PCM-480  is  used  in 
digital  systems. 

Regional  fiber  optic  communication  cables. 

The  main  properties  of  multi-mode 
optical  cables  for  34  Mbit/s  first- 
generation  regional  communication  lines 
are: 

Number  of  fibers:  4  and  8 
Attenuation  (@  1.3  pm):  0.7,  1.0  and  1.5  db/km 
Bandwidth:  not  less  than  500  and  800  MHz/km 
Operating  temperature  range:  -40  to  +50°C 
Factory  length:  not  less  than  2,000  m 


Exchange  cables  (e.g.:  for  communi¬ 
cations  between  central  office  and  distant 
offices)  are  used  in  trunk  networks.  Tra¬ 
ditional  copper  telephone  cables  with  up 
to  2,400  pairs  wherein  a  number  of  pairs 
is  PCM-80  multiplexed  to  increase  the 
number  of  channels,  are  used  in  subscriber 
communication  lines.  Coaxial  cables  and 
high-frequency  symmetrical  cables  with 
multi-channel  multiplexing  systems  are 
used  in  exchange  links.  The  use  of  fiber 
optic  cables  in  subscriber  lines  may  well 
be  considered  in  the  future. 

Taking  into  consideration  that  produc¬ 
tion  of  telephone  cables  with  copper 
conductors  and  polyethylene  insulation 
will  be  around  for  a  long  time  to  coma, 
efforts  to  improve  existing  cabie  designs 
and  the  creation  of  modern  production 
facilities  for  telephone  cables  will 
continue. 
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Fiber  optic  cable  designs  for  links 
between  central  offices  and  communication 
centers  are  designed  for  distances  between 
5  and  10  km  and  they  are,  naturally,  run 
without  repeaters. 

Fiber  optic  cable  designs  developed  for 
urban  communication  systems  use  loose-tube 
(polymer)  construction  modules  of  4  or  8 
fibers.  The  4-  or  8-  module  members,  along 
with  strength  members,  are  stranded  into  a 
core  over  which  a  polyethylene  jacket  is 
applied.  The  core  has  a  hydrophobic  filler 
to  protect  the  cable  from  water 
penetration.  These  cables  are  designed  for 
laying  in  ducts. 

In  accordance  with  the  requirements  of 
our  specifications,  first-generation  fiber 
optic  cables  for  urban  communication  lines 
have  the  following  characteristics: 

Attenuation  (@  0.85  pm) :  3  to  5  dB/km 

Minimum  bandwidth: 500  or  250  to  500  MHz/km 

Operating  temperature:  -40  to  +50°C 

Factory  length:  not  less  than  2  km 

Second-generation  multi-mode  cables  for 
the  1.3  tun  wavelength  have  a  maximum 
attenuation  of  0.7  dB/km  for  1  GHz  band¬ 
width.  Single-mode  cables  which  we 
developed  exhibit  maximum  attenuation  of 
0.7  dB/km. 

Fiber  optic  cables  in  subscriber  loops. 

The  application  of  fiber  optic  cables 
in  subscriber  communication  loops  de¬ 
serves  special  attention.  Subscriber  lines 
with  conventional  electrical  cables,  in 
general,  cannot  be  used  with  multiplexing, 
i.e.:  a  wire  pair  is  needed  for  one 
conversation.  The  transmission  of 
different  media  (data,  television,  radio) 
on  subscriber  lines  needs  also  to  be 
considered.  Also,  subscriber  lines  are 
very  short  (from  30  -  50  m  to  3  -  5  km). 
These  features  point  out  the  difficulties 
which  arise  when  using  optical  fiber 
cables  in  subscriber  networks.  It  is 
evident  that  transition  to  fiber  optic 
systems  in  the  described  networks  will 
become  economically  expedient  only  when  it 
is  possible  to  transmit  all  types  of  data 
over  a  single  circuit  to  a  single 
receiving  apparatus. 

In  the  development  of  optical  fiber 
subscriber  lines  in  the  USSR  the  main 
attention  was  paid  to  the  creation  of 
inexpensive  multiplexing  equipment  and 
other  optoelectronic  devices.  The  high 
cost  of  optoelectronic  equipment  is  the 
main  obstacle  on  the  way  to  implementation 
of  fiber  optic  systems  in  subscriber 
loops. 


Calculations  show  that  previously  de¬ 
veloped  single-mode  cables  for  the  1.3  pm 
wavelength  and  optimized  for  operation  at 
1.55  pm  can  already  now  be  used  in 
subscriber  loops.  This  trend  finds  support 
in  the  USSR  but  it  still  remains  at  the 
stage  of  development  and  technical- 
economical  evaluation.  Practical  appli¬ 
cation  of  fiber  optic  systems  in 
subscriber  lines  is  expected  to  become  a 
reality  in  about  five  years. 

CATV  Cables. 

Large-scale  development  of  cable  TV 
systems  in  the  USSR  began  in  the  early 
1980s.  Production  of  a  series  of  cables 
for  cable  TV  systems,  including  trans¬ 
mission,  distribution  and  subscriber 
cables  with  solid  and  foam  polyethylene 
insulation  and  corrugated  copper  tape 
outer  conductors  began  in  the  same  years. 
Table  1  presents  the  construction  and 
characteristics  of  cables  produced  at  the 
present  time. 

The  main  difference  among  the  referenced 
series  of  cables  lies  in  the  construction 
of  their  outer  conductors  and  in  the 
production  process  which  combines  the 
application  of  the  outer  conductor  with 
the  protective  jacket.  The  copper  tape  is 
first  corrugated  (longitudinally  and 
transversely),  wrapped  around  the  cable 
core,  whereupon  the  protective  jacket  is 
applied.  The  shape  of  the  corrugation  and 
the  forming  method  of  the  outer  conductor 
provide  the  cable  with  high  immunity  to 
noise,  negligible  reflection  and  excellent 
flexibility,  while  making  possible,  at  the 
same  time,  a  highly  efficient  production 
process.  The  only  disadvantage  of  this 
type  of  cable  is  the  lack  of 
imperviousness  to  water  in  the 
longitudinal  direction.  Mechanical  damage 
to  the  protective  jacket  and  flooding  of 
the  cables  with  water  can  lead  to  cable 
damage  over  the  whole  length  between 
repeaters.  However,  this  applies  only  to 
transmission  cables  laid  in  ducts. 

Operational  experience  with  CATV  systems 
has  shown  that  damages  of  this  kind  are 
infrequent  and  that  replacement  expenses 
are  compensated  by  lower  cable  costs. 

Average  cable  requirements  per  TV 
subscriber  are:  3  to  4  m  of  transmission, 
distribution  and  in-house  cable  and  20  m 
of  lead-in  cable.  While  the  overall  need 
for  cables  in  the  USSR  is  about  250,000  km 
(annually  20,000  to  30,000  km),  the  need 
for  lead-in  cables  has  already  reached 
150,000  to  200,000  km  per  year. 
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Cable  type: 

Inner  conductor  dia.. 
(non) 

Insulation 

material: 

Insulation  dia. : 
(nun) 

Outer  dia.  of  jacket! 
(mm) 

Attenuation  {•  200  MHz) : 
(dB/100  m,  nominal/max.) 

SWRi 

(aver. /max. ) 

Transmission 

RK  75-17-13S 

2.73 

P£ 

16 . 3±0.2 

22.311.0 

3. 4/4. 6 

1.15/1.35 

RK  75-17-33S 

4.15 

FPE 

17 . 3 ±0.3 

22.310.5 

2. 2/3. 2 

1.15/1.35 

RK  75-11-US 

1.88 

PE 

11.5±0.15 

15.410.6 

4. 7/6. 2 

1.15/1.35 

RK  75-11-32S 

2.57 

FPE 

11 . 5±0 . 25 

15.410.6 

3. 1/4.1 

1.15/1.35 

Distribution 

RK  75-7-110 

1.20 

PE 

7.2510.2 

10.210.4 

7. 3/8. 5 

1.15/1.35 

RK  75-7-313 

1.63 

FPE 

7.25±0.15 

10.210.4 

5. 2/6. 2 

1.15/1.35 

Subscriber 

RK  75-4-113 

0.80 

PE 

4.610.2 

7.010.4 

10.3/15 

RK  75-3,7-31 

0.90 

FPE 

3.710.15 

5.810.3 

10.3/15 

-- 

Table  1  Principal  characteristics  of  CATV  coaxial  cables  in  the  USSR 


In  the  near  future,  coaxial  transmission 
cables  will  gradually  be  replaced  by  fiber 
optic  cables.  However,  the  distribution 
and  subscriber  loops  will  probably 
continue  to  use  coaxial  cables. 

Some  aspects  of  fiber  optic  cable  design. 

A  great  deal  of  theoretical  and 
experimental  effort  has  been  devoted  in 
our  country  to  the  investigation  of  the 
optical  and  mechanical  characteristics  of 
fiber  optic  cables.  A  major  subject  has 
been  the  analysis  of  the  effects  of 
microbending.  It  may  be  of  interest 
therefore  to  summarize  briefly  a 
theoretical  approach  developed  by  our 
scientists. 

The  main  design  principle  of  a  fiber 
optic  cable  is  to  provide  stability  of  its 
transmission  characteristics  while  the 
cable  is  under  the  influence  of  environ¬ 
mental  factors  (tensile  stress,  pressure, 
cooling,  etc.)  and  the  prevention  of 
corrosive  effects  caused  by  mechanical 
stresses . 


In  modern  fiber  optic  cable  construc¬ 
tion  these  principles  are  realized  by 
providing  excess  length  of  fiber  in  the 
cable.  A  relative  excess  length  ( !  of 
fiber  in  a  fiber  optic  cable  can  be 
defined  ass 


t 


(1) 


wherein  and  l  are  the  corresponding 
lengths  of  the  fiber  and  the  axis  of  the 
loose  tube  or  slot  into  which  the  fiber  is 
inserted. 


In  this  case  the  main  problem  is  the 
optimization  of  the  design  to  improve 
resistance  to  the  adverse  effect  of 
external  factors. 

For  example,  to  improve  the  fiber 
resistance  to  tensile  stress,  the  excess 
fiber  length  in  a  cable  must  be  increased. 
The  effect  of  lower  temperatures  or 
ambient  (e.g.s  hydrostatic)  pressure  in 
the  case  of  non-metallic  cable  construc¬ 
tions  will  possibly  require  a  smaller 
value. 


Thus,  the  initial  relationship  for  an 
optimum  design  under  specified  operating 
conditions  is  given  by  Eq.  (2)  l. 


wherein: 
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«  allowed  increase  in  attenuation 
(or  of  any  other  transmission 
parameter) ; 

«  allowed  fiber  excess  length 
corresponding  to  the  possible 
radius  of  curvature  Pp  at  which 
the  increase  in  attenuation  is 
4°p  or  at  which  the  fiber 
tension  values  are  less  than  is 
permitted) 

*  allowed  longitudinal  displace¬ 
ment  of  the  protective  tube  axis 
(shaped  core,  loose  tube  or 
slot)  into  which  the  fiber  is 

“  distance  between  the  fiber  and 
the  inner  wall  of  the  tube. 
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In  practice  we  use  methods  that  allow 
us  to  calculate  the  design  parameters 

and  W  in  such  a  way  that  the  excess 
length  of  the  fiber  in  a  cable  is  optimal. 

Relationships  for  the  determination  of 
radial  displacements  in  optimal  designs  of 
fiber  optic  cables,  including  multilayer 
and  shaped  members,  tube  assembly,  etc. 
under  the  effect  of  ambient  pressure  and 
tensile  stresses  have  been  derived. 

Complications  resulting  from  political 
problems  forced  the  USSR  industry  to 
develop  its  own  technological  equipment. 
In  particular,  this  refers  to  the  fiber 
drawing  tower  and  to  the  production  of 
fibers  with  different  types  of  coatings. 
Special  attention  was  paid  to  a  number  of 
problems.  Thus,  an  arrangement  consisting 
of  four  mercury  vapor  lamps  of  average 
pressure  and  1  kw  power,  are  placed  around 
the  central  channel  containing  the  fiber, 
as  a  UV-radiation  source.  This  source  is 
provided  with  a  UV  reflector  so  as  to 
concentrate  the  radiation  on  the  fiber. 
UV-radiation  sources  using  spherical 
ultra-high  pressure  mercury  vapor  lamps 
are  now  in  use  as  well. 

Epoxy  acrylates  and  similar  materials 
are  among  the  coating  materials  which  are 
presently  being  developed  in  the  USSR. 
Taking  into  account  the  relative 
transparency  of  acrylates  in  the  UV  region 
of  the  spectrum,  the  possibility  of  GeO_- 
P.Og,  UV-radiation7induced  colored  centers 
in  the  fiber  core  material  was 
investigated.  Spectral  attenuation  mea¬ 
surements  disclosed  the  absence  of  the 
colored  centers,  starting  with  a  20  m/min 
drawing  rate.  This  feature  allows  us  to 
recommend  this  kind  of  UV-radiation  source 
for  all  fiber  types,  including  low-loss 
fibers. 

Additional  studies  were  undertaken  with 
the  aim  of  determining  the  optimal 
relationship  between  the  diameters  of  the 
primary  and  secondary  coatings  of  the 
fiber  from  the  point  of  view  of 
microbending,  on  the  one  hand,  and 
development  of  the  required  low 
temperature  resistance  (down  to  -60°C) ,  on 
the  other  hand.  Naturally,  the  sensitivity 
to  microbending  decreases  as  the  primary 
coating  diameter  D.  increases  and  the 
modulus  of  elasticity  E.  decreases.  In 
this  case  it  is  advisable  to  increase 
simultaneously  the  modulus  of  elasticity 
of  the  secondary  coating  Ej. 


However,  with  decreasing  temperature, 
polymer  coatings  give  rise  to 
longitudinal  compression  stress  which  is 
due  to  the  difference  between  the 
temperature  coefficients  of  -linear 
expansion  of  silica  glass  (5x10  )  and 

polymers  (about  2x10  *) .  It  is  evident 
that,  as  the  compression  stress  increases 
with  E_,  there  appears  to  be  instability 
which  T.eads  to  bending  of  the  optical 
fiber  and,  as  a  result,  to  additional 
optical  losses,  boss  calculation  methods 
for  the  specified  bending  geometry  are 
well-known.  Therefore,  only  conditions  of 
the  mentioned  bending  phenomenon  are 
analyzed  below8. 

Let  us  assign  the  following  parameter 
designations  (Fig.  3): 

Rk’Rl,R2:  radi*  of  silica  glass, 
primary  and  secondary 
coatings  respectively; 

Ek>E  ,E2:  moduli  of  elasticity  of 
silica  glass,  primary  and 
secondary  coatings,  respec¬ 
tively; 

AT:  temperature  difference  with 
respect  to  ambient  tempera¬ 
ture; 

W  :  strain  energy; 

r  :  radius  of  silica  glass 

fiber  helix; 

<p  angle  between  the  axis  and 
the  tangent  helix; 

s  :  relative  elongation  of  the 
glass  fiber; 

P  :  radius  of  curvature  of  the 
silica  glass  fiber; 

dj  :  temperature  coefficient  of 

linear  expansion  of  the 

secondary  coating  material. 


Fig.  3  Low  temperature  bending  charac¬ 
teristics  of  a  dual-coated  optical  fiber 
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As  a  result  of  a  number  of  transforma¬ 
tions  we  gets 


Here  the  radius  (of  the  helix)  becomes 
a  real  value,  provided  that: 


(10) 


The  derived  formula  determines  the 
critical  temperature  T.  below  which 
bending  of  the  optical  fiber  occurs  in  a 
two-layer  coating,  causing  additional 
optical  losses. 

The  dependency  of  the  fiber  curvature 
on  temperature  is  shown  in  Fig.  4. 


-l 

P 


Tt  -  AT  0  Tk 


Fig.  4  Relationship  between  fiber  bending 
and  temperature. 

The  data  transmission  capacity  of 
optical  cables  for  communications  systems 
is  determined  by  the  parameters  of  the 
optical  fiber  used.  Therefore,  there 
exists  a  constant  tendency  to  improve 
their  parameters  and  to  standardize  them 
according  to  the  field  of  application. 

Four  classes  of  optical  fibers  are 
produced  today  in  the  USSR: 

-  fibers  of  the  "silica-polymer"  type; 

-  multimode  graded  index  fibers? 

-  single-mode  fibers  for  the  1.3  pm  wave¬ 
length? 

-  single-mode  fibers  for  the  1.55  pm  wave¬ 
length? 
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Typical  fiber 
type: 

Category,, 
per  IEC 
793-1: 

Compliance  of 
sizes  to 
Standard* : 

Operating 

wavelength: 

(pm) 

Attenuation: 

(dB/km) 

Bandwidth  coefficient: 
MHz /km 

(Dispersion,  ps/nm  kn) 

Operating  temp, 
range: 

(°C) 

Application: 

Silica  with 
polymer  light- 
reflecting 

j 

cladding 

A3 

200/300 

0.83  -  0.85 

4.0  -  20.0 

10  -  50 

-60 

to  +200 

LANS 

Multimode, 

graded-index 

A1 

50/125 

0.85 

1.30 

2.2  -  5.0 

0.6  -  1.5 

250  -  2,000 

500  -  2,000 

-60 

to  +55 

Urban/regional 

communications 

Single-mode 

Bl.S 

(10) /1 25 

1.30 

0.35  -  0.7 

<  3.5 

-60 

to  +55 

Long-distance 

communications 

Single-mode 

91.2 

(8.5) /125 

1.55 

0.20  -  0.30 

<  2.0 
<  3.5 

-40 

to  +55 

Long-distance 

communications 

•Core  diameter  {mode  fiela) /cladding  diameter 


Table  2  Optical  fibers  for  communications  cables  produced  in  the  USSR 


The  first  type  listed  is  used  in 
local  and  building  communication  systems. 
The  second  type  is  employed  for  trunk 
communications  and  regional  systems.  The 
latter  types  are  used  in  long-distance 
systems.  The  main  parameters  of  the 
mentioned  fiber  classes  are  specified  by 
CCITT  Recommendation  G653  and  IEC  793-1 
and  793-2.  Table  2  lists  data  on  the 
produced  optical  fibers. 

A  comprehensive  development  program 
for  optical  cables  and  their  applications 
in  different  fields  of  industry  has  been 
prepared  for  1991  and  for  the  years  to 
follow. 
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Abstract 

It  is  known  that  PE  and  PP  are  good  insula¬ 
ting  materials  for  telephone  cable. However, 
their  processibilities  are  fbund  different 
in  production,  even  if  they  have  similar 
basic  physical  properties,  such  as  melting 
index  and  density,  some  of  them  are  perfect 
in  extrusion  but  the  others  are  not. Usually 
people  consider  that  the  processibilities 
of  polyloefin  depend  on  molecular  weight 
(MW),  especially  molecular  weight  distribu¬ 
tion  (MWD) .  But  further  development  shows 
that  MWD  is  one  of  effective  factor.  By 
measuring  the  characteristics  of  GPC  (gel 
permeation  chromatography)  curve  for 
several  polyolefin  resin,  the  results  indi¬ 
cate  that  MWDI  is  not  the  only  thing  invol¬ 
ved,  symmetry  of  GPC  curve  must  also  be 
considered. 

At  the  same  time,  I  also  determined  the 
non-Newton  Index (NNI)  —  the  ratio  of  shear 
rate , ,  at  two  different  shear  stress 
and  flow  ratio. 

In  general,  the  value  of  NNI  and  flow  ratio 
should  be  higher.  But  there  are  no  strict 
corresponding  relation  among  NNI,  flow 
ratio,  MWDI  and  the  symmetry  of  GPC  curve, 

w 


Introduction 

HDPE  and  PP  have  been  used  in  producing 
telephone  cable  successfully.  Today,  people 
in  Europe  and  America  use  these  materials 
very  widely.  Japanese  people  who  used  to 
utilize  LDPE  in  manufacturing  telephone 
cable  also  turned  to  the  developement  and 
application  of  HDPE  and  PP  for  this  pur¬ 
pose. 

In  developing  and  using  HDPE  and  PP  to  pro¬ 
duce  telephone  cable, there  is  an  unresolved 
problem  so  far.  That  is,  how  to  evaluate 
the  extrusion  of  those  materials  rn  the 
Lab..  People  have  to  spend  a  lot  of  HDPE 
or  PP  to  make  tests  in  the  production  line 
in  order  to  assess  if  the  processibility 
of  theirs  is  good  or  not. 

In  the  past,  people  used  to  take  MI  as  the 


criterion,  but  today,  the  line  speed  is  up 

to  2000m/min  or  more,  the  value  of  MI  can 
no  longer  be  taken  as  the  criterion  for  the 
good  or  poor  processibility  of  HDPE  or  PP. 

In  order  to  approach  the  extruoL'fcbtllty  of 
polyolefin  and  evaluation  ofthe  methods  in 
the  Lab..  The  author  measured  several 
commercial  brands  of  HDPE  and  PP  for  MW, 
MWDI,  V-,/vh,  NNI  as  well  as  flow  ratio  and 

analyzed  the  results  compared  with  the 
practical  extrusion  tests.  Finally,  I 
found  out  the  relationship  between  the 
results  from  Lab.  and  those  from  extrusion. 

1 .  Experiment 

1.1  Material 

The  sample  materials  used  in  various 
experiments  include  6  commercial  of  HDPE 
and  4  grades  of  PP.  HDPE  are  all  ethylene- 
butene  (1)  copolymer  and  PP,  propylene- 
ethylene  copolymer  produced  with  Zeiglar 
catalyst. 

1.2  Instruments 

1.2.1  MW  and  MWDI 

G.P.C  150C  -  ALC/GPC  r  .  , 

Column:  ^l-styrogel  10  , 10\  105 

500S 

Solvent:  1,2,4  trichlorobenzene 

Temperature:  135°C 

1.2.2  NNI  Value 

Model  5210  Instron  Capillary  Rheometer 
Nozzle  L/D  =  40 

Die:  90°angle  inlet 

Temp.  230°C 

1.2.3  Flow  Ratio 
Melting  Indexer 

Temperature  190°Cfor  HDPE 

230°Cfor  PP 

Load:  2.16kg,  10kg,  21.6kg 

1.2.4  Surface  Roughness 
Microscope  X40 

1.3  Characteristics  of  Materials 
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Table  I  and  Fig.  1  -  Fig.  10  show  the 
characteristics  of  sample  materials.  For 

HDPE,  Rn  is  from  1.31  x  104to  2.15  x  104and 
Rw  is  about  12.60  x  104-15.74  x  104,MWDI  is 
6.17-9.84.  For  PP  Rn  is  2 .01x104-2.41x104, 

Rw  is  (12. 75-16. 04)x104,  MWDI  is  5.59-7.95. 
Both  HDPE  and  PP  have  Median-width  molecu¬ 
lar  weight  distribution. 

Fig.  1  to  Fig.  6  show  the  GPC  curve  of 
HDPE.  Sample  A.B.C.D.F  have  different  MI, 
but  their  GPC  distribution  is  symmetric. 
Sample  E  with  middle  MI  value  of  0.42 

g/10min  has  slight  asymetric  MWD.  In  lower 
molecular  weight  side,  the  curve  is  to 
rise,  (see  the  dotted  line  in  Fig.  5) 

For  PP,  there  are  more  differences 
among  the  GPC  curves  of  sample  L.M.M.O. 
The  distribution  of  sample  H  and  0  is  very 
symmetric.  The  GPC  curve  of  sample  M  is 
nearly  symmetric  and  raised  in  high  molecu¬ 
lar  weight  side  (see  the  arrow  in  Fig. 8). 
Comparing  with  sample  N,  sample  I  with  the 
wider  MWDI  of  7.95  has  serious  asymmetric 
MWD,  seemingly  in  two  peaks  -  a  main  peak 
and  a  sub-peak,  .shown  by  the  dotted  line 
in  Fig.  7) 

1.4  Extrusion  Test 

Extrusion  Tests  were  conducted  on  pro¬ 
duction  line.  The  extrusion  line  consists 
of  a  wire-drawing  machine .annealer,  prehea¬ 
ter,  extruder,  water  trough  and  auto-  matlc 
take  up.  This  line  was  supplied  by  Niehoff 
Co.  and  Maillefer  Co.. The  extruder  can  moni¬ 
tor  and/or  control  the  extrusion  tempera¬ 
ture,  line  speed,  extrusion  pressure,  dia¬ 
meter  of  insulated  conductor,  coaxial  capa¬ 
citance  and  spark  failure,  furthermore, 
record  extrusion  temperature,  crosshead 
pressure  and  coaxial  capacitance. 

The  extrusion  test  parameters,  such  as 
the  fluctuation  range  of  coaxial  capaci¬ 
tance,  spark  failure  are  shown  in  Table  2 
and  Table  3. 


with  MWD  value  of  9.86  has  wider  MWD  than 
other  samples,  and  its  extrusion  is  the 
worst.  The  surface  of  insulated  wire  is 
smooth  at  the  rate  of  600m/min,  but  when 
line  speed  goes  up  to  800m/min  the  surface 
is  very  rough  like  shark  skin  as  shown  in 
photo  3.  PP  also  behaves  similarly,  the 
processibility  of  sample  L  with  MWDI  value 
of  7.95  is  bad  and  the  surface  is  so  rough 
that  the  fluctuation  of  coaxial  capacitance 
&  spark  test  can  not  meet  the  requirements. 

Why  do  the  above  phenomena  occur?  It 
is  known  that  higher  MW  fractionation 

mainly  contributes  to  Rw  and  lower  MW  frac¬ 
tionation  contributes  to  Rn.  Obviously, 
MWD  can  not  clearly  describe  the  situation 
of  higher  MW  end  and  lower  MW  end,  espe¬ 
cially  that  of  MWDI  obtained  by  GPC  method. 

Above  test  results  indicate  that  the 
extrusion  do  not  only  relate  to  MWDI,  but 
also  depends  the  symmetry  of  GPC  curve 
basically. 

I  measured  the  asymmetry  by  means  of 
as  illustrated  in  the 


V-,  :  The  flow  volume  of 
lower  MW  fractiona¬ 
tion. 

Vh:  The  flow  volume  of 
higher  MW  fractiona¬ 
tion. 


M.R.  Amber's  method 
following  scheme: 


Fig.  11  symmetry  of  GPC 

When  V^/V^  =  1,  the  distribution  of  mole¬ 
cular  weight  is  symmetric.  So  V^/V^  indi¬ 
cates  the  symmetry  of  MWD.  V1/Vh  values  of 
all  samples'  are  listed  in  Table  4. 


The  photoes  show  the  surface  appearance  of 
insulated  conductors. 

2.  Results  and  Discussion 

2.1  MW,  MWDI  and  the  symmetry  of  MWD 

Average  molecular  weight  is  a  basic 
structural  property.  In  my  experiment, 

there  is  favourable  Rn  and  Rw  for  all  HDPE 
and  PP. 

MWDI  is  also  an  important  factor  that 
has  effect  on  the  properties  and  proces¬ 
sibility  of  polymer.  Usually,  people  con¬ 
sider  that  the  wider  the  MWD  is,  the  better 
the  extrusion.  But  the  above  thinking  is 
found  not  correct.  For  example,  sample  E 


Table  4  V-L/Vh  Value  of  HDPE  and  PP 


Sample 

HDPE 

A 

B 

C 

D 

E 

F 

Vvh 

0.937 

0.946 

0.944 

0.942 

1.222 

0.897 

Sample 
_  PP 

I 

M 

N 

0 

Vl/Vh 

0.681 

_ 

0.791 

.  .  _ 

0.813 

1.147 

Thus  it  is  important  to  research  the 
symmetry  of  MWD.  As  MWDI  can  not  present 
this  characteristics  of  polymer  entirely. 
The  data  in  Table  4  show  that  V^/Vh  value 

of  sample  E  is  far  away  from  1 ,  so  the 
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symetry  is  bad  and  extrusion  is  poor. 

In  fact,  according  to  the  theory  of 
molecular  movement,  we  can  explain  that 
the  molecular1  movement  of  much  higher  MW  is 
so  difficult  that  the  molecular  rearrange 
ment  is  not  consistent  so  as  to  lead  to  un¬ 
stable  melt  flow  and  rough  surface. 

For  sample  E,  the  wider  MWD  isdistri- 
buted  to  by  lower  MW,  low  MW  molecules  are 
broken  easily  at  high  speed  to  cause  the 
melt  fracture  and  poor  surface  appearance. 

As  a  result,  we  should  evaluate  the  ex¬ 
trusion  and  extablish  the  optimum  design 
of  HDPE  and  PP  by  measuring  MW,  MWDI  and 

w 

2.2  NNI  Value 


167  and  99  sire  similar  extrusion  at  high 
speed.  For  sample  C  and  D.  MIg1  g  /MI2  16 

are  73  and  127  separately,  according  to 
above  idea,  the  extrusion  of  sample  C 
should  be  worse  than  that  of  sample  D.  On 
the  contrary,  sample  C  has  lower  crosshead 
pressure  of  700  Bar  at  2305m/min  and 
sample  D  has  higher  crosshead  pressure 
value  of  750  Bar  at  the  speed  of  1600m/min. 

For  sample  E,  it  has  too  low  flow  ratio 
and  it  can  not  be  extruded  at  above  speed 
of  800m/min. 

Similar  to  NNI,  there  is  a  trend  to 
show  that  Flow  Ratio  can  not  be  so  low 
either.  And  there  is  no  strict  correspon¬ 
ding  relationship  among  the  Flow  Ratio, 
MWDI  and  V-j/V^ 


Some  people  described  MWD  using  non- 
Newton  Index  which  is  the  ratio  of  shear 
rate  at  different  shear  slress  as  follows 

NNI  =  V>2/'?1 

Where  1  and  'p  2  are  shear  rate  (S-1)  at 

shear  stress  *  4x10^dyn/cm^  and  3 

2.4x106dyn/cm2  separately.  All  HDPE  sample 
except  sample  B  and  E  have  higher  NNI  value. 
Sample  E  has  lower  NNI  value  of  28  and 
higher  MWDI  value  of  9.84.  For  sample  B, 
though  its  NNI  value  of  43  is  lower  than 
that  of  sample  A,  its  extrusion  is  the  same 
as  latter. 

The  above  results  show  a  fact  that 
there  is  no  strict  corresponding  relation 
among  the  NNI  value,  MWDI,  V^/V^  and  the 

processibility.  Nevertheless  there  is  a 
trend  to  show  that  NNI  value  should  be 
higher. 

2.3  Flow  Ratio 

In  a  common  lab. ,  there  is  no  GPC  ap¬ 
paratus,  some  people  measure  the  flow  ratio 
in  order  to  assess  the  extrusion  of  the 
polymer.  Flow  ratio  can  be  calculated  with 
MI  at  the  same  temperature  but  at  different 
load  as  follows : 


3.  Conclusion 

3.1  MWDI  is  an  important  parameter  of 
MWD  and  processibility.  But  it  can  not 
describe  the  distribution  characteristics 
comprehensively. 

3.2  Middle  MW  and  median  width  MWD  is 
necessary  for  extrusion  of  HDPE  and  PP  at 
high  speed. 

3.3  The  symmetric  distribution  of  GPC 
curve  is  more  important  for  the  processibi¬ 
lity  at  high  speed.  V^/V^  of  GPC  can  be 

used  to  describe  the  symmetry  of  MWD.  when 
V-^/V^  *  1,  GPC  curve  is  symmetrical. 

3.4  There  is  no  strict  corresponding  rela¬ 
tion  amony  NNI,  MWDI  and  V^/V^  but  NNI 

value  can  not  be  too  low. 

3.5  Flow  Ratio  is  a  parameter  similar  to 
NNI. 

3.6  Both  NNI  and  Flow  Ratio  can  only  be 
used  in  assessing  the  extrusion  roughly. 
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Table  1  Characteristics  of  HDPE  and  PP 


Sample 

MI 

Density 

Flow 

Ratio 

flw 

Rn 

MWDI 

NNI 

Vvh 

Unit 

9/l0min 

9/cm ^ 

MI10/MI 

mi21>6/mi 

xio4 

X104 

Mw/Rn 

HDPE  A 

0.30 

0.949 

28,4 

167 

EZ23 

2.07 

mm 

59 

0.937 

B 

0.82 

0.945 

32.5 

99 

139 

1.89 

■SB 

43 

0.946 

C 

0.80 

0.944 

14.9 

73 

12.60 

1.80 

7.01 

59 

0.944 

D 

0.22 

0.948 

127 

12.65 

2.05 

6.17 

60 

0.902 

E 

0.42 

0.943 

11.2 

46 

12.91 

1.31 

9.84 

28 

1.222 

F 

0.46 

0.945 

21.2 

124 

15.74 

2.15 

7.32 

58 

0.897 

PP  I 

1.90 

H 

20.8 

16,04 

2.01 

0.681 

M 

3.36 

mm 

13*27 

2.35 

■ 

0.791 

N 

1.95 

mM 

27.7 

14.58 

2.41 

0.813 

0 

2.90 

n 

12.75 

2.28 

5.95 

1.147 

Table  2 


The  Extrusion  Test  Parameters  and  Results  of  HDPE 


Unit 

A 

B 

C 

D 

E 

F 

Conductor  dia. 

mm 

0.5 

0.5 

0.4 

0.5 

0.5 

0.5 

Extrusion 

Temp. 

°c 

225  -  255 

220  -  250 

220  -  230 

200  -  230 

240  -  285 

230  - 

Crosshead 

Pressure 

Bar 

680 

680 

700 

750 

650 

Line  speed 

m/mm 

2000 

2000 

2035 

1600 

800 

1800 

Cooling  Water 

°C 

15 

15 

15 

15 

15 

15 

Coaxial 

Capacitance 

PF/m 

233  ±  1.8 

233  t  1.8 

233  ±  2.3 

233  -  2.4 

233  1  5.0 

233  - 

spark  Voltage 

V 

6000 

6000 

4500 

6000 

6000 

6000 

Spark  Failure 

No. /Drum 

0 

0 

0 

0 

>  50 

3 

Surface 

Appearance 

smooth 

smooth 

smooth 

smooth 

rough 

smootl 

Table  3  The  Extrusion  Test  for  PP 


Unit 

L 

M 

N 

0 

Conductor  Dia. 

mm 

0.5 

0.5 

0.5 

0.5 

Extrusion  Temp. 

Crosshead  Pressure 

°c 

B?r 

220  -  270 

700 

210  -  260 

210  -  260 

f  r\r\ 

uuw 

210  -  255 

6  SO 

Line  Speed 

m/min 

2000 

2000 

2000 

1510 

Cooling  Water 

°C 

15 

15 

15 

15 

Coaxial  Capacitance 

PF/m 

233  -  3.0 

233  t  2.3 

233  ±  2.3 

233  -  2.6 

Spark  Voltage 

2000 

6000 

6000 

3000 

Spark  Failure 

Surface  Appearance 

No. /drum 

20 

slight  rough 

0-2 

smooth 

0-3 

smooth 

-  — - 

50 

smooth 
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GKJ  Curve  of  All  Samples 


Fig.  Sample  A 


Fig.  5  Sample  E 


Fig.  9  Sample  N 


Fig.  2  Sample  B 
Flow  Volume - 


Fig.  Sample  C 


Fig.  7  Sample  I 


Fig.  4  Sample  D 


Fig.  8  Sample  M 


The  surface  Appearance  of  Insulating  Conductor 
(photo  1  -  photo  6) 
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A  FAULT  LOCATION  EXPERT  SYSTEM  USING  PULSE  ECHO  TESTS 
FOR  PAIRED  SUBSCRIBER  CABLES 

K.  Takeda  T.  Abe  Y.  Mitsunaga  H.  Koga 

NTT  Transmission  Systems  Laboratories 
Take,  Yokosuka-shi,  Kanagawa-keri,  238-03,  Japan 


ABSTRACT 

A  new  effective  fault  location  system  is  proposed  for 
subscriber  paired  cables  that  arc  composed  of  different 
gauge  cables  and/or  branch  cables.  The  system  is 
mainly  composed  of  a  new  pulse  echo  test  system  for 
approximating  fault  location,;  and  an  expert  system. 
This  new  pulse  echo  test  system  estimates  the  fault 
distance  by  matching  the  pattern  of  the  measured 
waveform  with  the  theoretical  waveform.  The  expert 
system  improves  the  accuracy  of  the  pulse  test  in 
location  the  fault.  Its  knowledge  is  based  on  the 
investigation  of  fault  records  at  cable  maintenance 
offices.  A  field  test  was  carried  out,  using  a  prototype 
system  with  knowledge  based  on  about  1000  fault 
records.  Error  distances  of  less  than  100  m  were 
obtained  for  subscriber  cables  of  about  3000  m  with  a 
branch  cable  and  an  open  fault. 


1.  Introduction 

Nowadays,  hugc-scale  subscriber  paired  cables  are 
being  constructed  in  Japan.  However,  maintenance 
work  is  difficult  because  cable  faults  are  rapidly 
increasing  due  to  cable  plant  deterioration.  Therefore, 
to  support  cable  maintenance,  an  efficient  fault 
location  system  is  required. 

In  developing  the  fault  location  system,  the  main 
problem  was  that,  at  NTT,  the  subscriber  cables  arc 
constructed  with  different  gauge  cables  and/or  branch 
cables,  and  the  current  fault  location  methods  arc  not 
applicable  for  these  cables. 

A  new  fault  location  system  is  proposed  for  the 
subscriber  cables.  The  system  mainly  consists  of  a  new 
pulse  echo  test  system,  which  estimates  approximate 
fault  distance,  using  pul«e  echo  waveform  pattern 
matching,  and  a  new  expert  system,  which  improves 
fault  location  accurac  ■  of  the  pulse  test  based  on  fault 
records  at  cable  maintenance  offices. 

This  paper  presents  the  configuration  of  the  new 
fault  location  system,  the  main  features  of  the  new 
pulse  echo  test  and  expert  system,  and  the  results  of  the 
field  test. 


2.  Requirements  and  Outline  of  New  System 
2.1  Requirements 


Several  fault  location  methods  arc  used  in 
communication  cables.  Some  of  these  are  (a)  dc 
resistance  measurement  methods  (b)  capacitance 
measurement  methods  (c)  pulse  echo  methods<1)(2)  and 
so  on.  However,  (a)  requires  maintenance  people  to 
work  in  the  field;  (b)  and  (c)  can  not  be  applied  to  a 
subscriber  cable  with  different  gauge  cables  and/or 
branch  cables.  Therefore,  the  following  requirements 
for  a  new  fault  location  system  were  developed. 

(1)  The  fault  location  system  can  be  applied  to  any 
configuration  of  subscriber  cables;  whether  it  be 
different  gauge  cables  and/or  branch  cables. 

(2)  The  fault  location  accuracy  is  less  than  100  m  for 
typical  subscriber  cables. 

(3)  All  types  of  faults  such  as,  open  faults,  close  faults, 
and  insulation  faults  can  be  located. 

(4)  The  fault  location  system  is  equipped  only  at  the 
central  office,  and  docs  not  require  any  auxiliary 
equipment  in  the  field. 

2.2  New  System's  Outline 

The  new  fault  location  system  is  composed  of  several 
subsystems.  An  outline  of  the  system  is  shown  in  Fig.  1. 

Locating  a  fault  is  carried  out  in  accordance  with  the 
following  sequence. 

(1)  The  Switch  selects  and  connects  the  fault  pair  to  the 
Subscriber  Cable  Test  System  and  Pulse  Echo  Test 
System. 

(2)  The  Subsciiber  Cable  Test  System  measures  loop 
resistances,  capacitances,  leakage  dc  voltages  and 

on.  These  numerical  values  arc  sent  to  the  Fault  Type 
Analysis  System. 


Fig.1  Fault  Location  Expert  System 


« 


% 
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(3)  The  Fault  Type  Analysis  System  decides  the  type  of 
fault  and  transfers  the  type  to  the  Fault  Location  Expert 
System  and  the  Pulse  Echo  Test  System. 

(4)  The  Pulse  Echo  Test  System  estimates  the 
approximate  fault  distance  based  on  the  type  of  fault 
and  the  Cable  Plant  Data  Base,  and  transfers  the  fault 
distance  to  the  Fault  Location  Expert  System. 

(5)  The  Fault  Location  Expert  System  improves  location 
accuracy  of  the  pulse  test  using  data  from  the  Gable 
Plant  Data  Base  (Cable  Plant  DB)  and  data  from  the  Fault 
Record  Investigation,  and  displays  the  results  on  the 
CRT.  Here,  the  Cable  Plant  DB  stores  subscriber  cable 
structure  data.  The  Fault  Records  Investigation 
prepares  the  knowledge  required  for  the  Fault 
Location  Expert  System. 

The  newly  developed  Pulse  Echo  Test  System  and  Fault 
Location  Expert  System  are  mainly  described  in  this 
paper. 


3.2  Fault  Location  Method 

Reference  waveform  vc(t,x)  in  paragraph  3.1  is 
calculated  using  the  following  cquation<3>(4>. 

vc(t,x)  =  F1  { Vs(co)  Z(co,x)  /  (Rs+Z(co,x)) }  ( i ) 

Where,  t,  x,  Vs(0)),  Rs,  and  Z(w,x)  denote  time,  assumed 
fault  distance,  source  pulse  of  the  pulse  generator, 
internal  resistance,  and  cable  input  impedance, 

respectively.  F'1  denotes  inverse  Fourier  transform. 

The  fault  distance  evaluation  function  is  defined  as 
follows. 


E(x)  = 


f 


I  vm(t,Xf)  •  vc(t,x)  1 2  dt 


(2) 


3.  Pulse  Echo  Test  System 
3.1  Principle 


Where,  vm(t,xt)  is  the  measured  waveform,  and  xr  is  the 
actual  fault  distance  and  T  is  the  source  pulse  period. 

x  is  varied  to  minimize  E(x)  and  when  this  condition 
is  satisfied,  x  is  the  estimated  fault  distance. 


A  block  diagram  of  the  Pulse  Echo  Test  System  is 
shown  in  Fig.  2.  The  principle  is  as  follows. 

(1)  The  Pulse  generator  sends  a  pulse  wave  to  the 
faulty  cable. 

(2)  The  Echo  wave  raised  at  the  fault  is  measured  and 
memorized  (called  measured  waveform). 

(3)  A  waveform  is  calculated  theoretically  for  the  same 
cable  structure  as  the  faulty  cable,  using  the 
calculation  model  based  on  the  Cable  Plant  DB  and  fault 
type  from  the  Fault  Type  Analysis  System.  This 
waveform  is  called  the  reference  waveform.  Here,  the 
fault  distance  is  assumed,  because  the  actual  fault 
distance  is  unknown. 

(4)  The  reference  waveform  is  compared  with  the 
measured  waveform.  When  the  reference  waveform 
coincides  with  the  measured  waveform,  the  fault 
distance  for  the  reference  waveform  is  the  estimated 
fault  distance. 

(5)  But  if  the  waveform  docs  not  coincide,  the 
reference  waveform  calculation  is  carried  out  again 
for  another  fault  distance,  and  waveform  comparison 
of  (4)  is  repeated. 


!  Falult 
t  Location 
■J  Expert 
1  System 

I 


3.3  Experiment 

The  subscriber  cable  structure  for  the  experiment  is 
shown  in  Fig.  3  (a).  It  has  one  branch  cable.  The  fault 

is  an  open  fault,  and  the  fault  distance  is  780  in  from 

the  branch  point.  All  cables  arc  plastic  insulated  cables 

with  a  conductor  diameter  (dn)  of  0.5  mm.  The  cable 

constants  shown  in  Tabic  1  arc  for  several  cables. 

There  arc  1024  sampling  points  for  the  vwaveform. 
The  source  pulse  waveform  is  rectangular  with 


(b)  Fault  Distance  Evaluation  Function  E(x) 


Fig.2  Pulse  Echo  Test  System 


Fig.  3  Fault  Location  Experiment  Result 
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amplitude  Pa=1.3  v,  period  Pp=102.4  ps,  and-  pulse  width 
Pw=l  ps.  Internal  resistance  Rs  is  110  ohms. 

The  measured  waveform  and  reference  waveform  are 
calculated  and  shown  in  Fig.  „  3(a).  The  reference 
waveform  is  obtained  from  the  same  model  as  the 
experiment.  We  can  see  that  both  waveforms  coincide 
well  with  each  other. 

Figure  3(b)  shows  the  fault  distance  evaluation 
function  E(x).  The  minimum  value  of  E(xj  is  at  790  m 
from  the  branch  point,  and  the  fault  location  error  is 
about  10  m. 

We  obtained  a  good  estimation  in  the  above 
experiment.  However,  it  is  expected  that  the  farther 
the  fault  distance,  the  greater  the  location  error.  Also, 
variations  of  cable  constants  will  cause  location  error. 

3.4  Location  Error  and  Location  Limit 

In  this  system,  if  the  calculation  model  coincides 
completely  with  the  actual  cable;  there  is  no  location 
error.  However,  in  actuality,  cables  have  a 


Table  1  Cable  Constants 


Noninal  .  /m_. 

Conductor  diameter  dn 

0.4 

0.5 

0.65 

Conductor  diameter  d  (mm) 

0.40 

0.49 

0.64 

Distance  between  q 
Conductors 

0.96 

1.06 

1.26 

Insulator  Thickness  th  (mm) 

0.09 

0.15 

0.20 

Relative  Permittivity  e  r 

1.73 

1.92 

1.76 

(a)  Parameter :  Conductor  Diameter  dn  (mm) 

200r 


100 

0 

-100| 

-200 


Pp=51 .2 

Pw:Pulse  Width  (ps) 
Pp:Pulse  Period  (ps) 


Cable;dn=0.5  mm 
Pw=1  ps 


2000 


4000  6000  8000 

Fault  Distance  xi  (m) 

(b)  Parameter :  Pulse  Period  T  (ps) 

Fig.4  Location  Errors  due  to  Cable  Constant  Difference 


considerable  variation  in  their  constants  (i.c. 
transmission  characteristics). 

When  a  cable  constant  in  the  calculation  model  is 
represented  by  p,  and  the  same  constant  in  the  actual 
cable  by  p+Ap,  location  error  x'  is  obtained  using  the 
below  approximation. 


x'  =  { 


(  —  ) 2  dt }  Ap 
Sp 


(3) 


Where,  v  is  the  pulse  echo  waveform. 

We  assume  a  no-branched  cable  with  an  open  fault. 
Also,  we  assume  that  d  (conductor  diameter),  D(disiance 
between  conductor  centers),  er(rclative  permittivity) 
of  the  actual  cable  arc  larger  than  the  calculation 
model  by  1%.  These  cable  constants  arc  shown  in  Table 
1. 

Figure  4(a)  shows  the  relationship  between  fault 

distance  and  location  error.  In  Fig.4(a),  we  notice  that 
there  arc  fault  distances  where  the  location  error 

increases  rapidly.  For  example  when  dn=0.5  mm,,  this 
distance  is  about  5200-5400  m.  Therefore,  we  can 
assume  that  these  fault  distances  show  the  fault 
location  limits  of  the  Pulse  Echo  Test  System. 

Figure  4(b)  shows  the  relationship  between  fault 

distance  and  location  error  due  to  cable  constant 
difference  of  er  for  several  source  pulse  periods.  The 

longer  the  source  period,  the  farther  the  fault  location 
limit. 


3.5  Location  Error  Reduction 


The  cable  constants  arc  different  between  the  actual 
cable  and  the  calculation  model.  However,,  we  can 

(1) 


Fig.  5  Location  Error  Reduction 
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estimate  actual  faulty  pair  characteristics  based  on  its 
neighboring  no  faulty  pair's  waveform. 

A  location  error  reduction  method  is  described  in  Fig. 
5. 

In  Fig.  5,  the  faulty  pair's  waveform  is  modified,  then 
a  pattern  matching  with  the  calculation  waveform  is 
carried  out. 

The  modified  waveform  is  obtained  using  the 
modified  input  impedance  Zf,  which  is  represented  by 
the  following  equation. 

Zf'  =  Zf  •  ( Zc  /  Z„  )  (4) 

Where,  Zf  is  the  actual  faulty  pair's  input  impedance, 
Zn  is  the  neighboring  pair's  impedance,  and  Zc  is  the 
impedance  of  the  calculation  model  for  the 
neighboring  pair. 

The  effect  of  this  method  is  shown  in  Fig.  5,  which  is 
calculated,  assuming  a  no-branched  cable  (dn=0.5mm) 
with  an  open  fault,  and  AD  =  20  %.  The  location  error 
distance  is  decreased  by  1/2  using  this  method. 


4.2  Knowledge  Representation 

We  have  two  sources  of  knowledge.  Two  knowledge 
bases  arc  made  using  this  knowledge. 

4.2.1  Cable  Structure  KB 

The  Cable  Plant  DB  has  data  on  cable  types,  joint 
types,  manhole  distances,  telephone  pole  distances, 
joint  distances,  construction  years,  etc..  The  Cable 
Structure  KB  is  made  by  extracting  data  on  the  faulty 
cable  from  the  Cable  Plant  DB.  The  Cable  Structure  KB 
is  made  for  each  cable  section  of  the  faulty  cable.  Here, 
the  cable  section  is  composed  of  several  cable 
components  between  two  telephone  poles,  or  two 
manholes  or  between  a  manhole  and  a  telephone  pole, 
as  is  shown  in  Fig.  7. 

The  Cable  Structure  KB  is  represented  by  frame<6>, 
and  has  slots  for  route  name,  section's  name,  fault  type, 
components'  name,  construction  year,  environment 
and  fault  rate.  An  example  of  the  Cable  Structure  KB  is 
shown  in  Fig.  8. 


4.  Fault  Location  Expert  System 


4.2.2  Fault  KB 


Maintenance  offices  have  numerous  data  about 
various  past  cable  faults.  The  Fault  Location  Expert 
System  improves  location  accuracy  using  those  data  as 
knowlcdgc(5). 

4.1  Principle 

The  principle  of  the  Fault  Location  Expert  System  is 
described  in  Fig.  6.  The  fault  location  procedure  is  as 
follows. 

(1)  Maintenance  offices'  fault  records  arc  collected  and 
analyzed.  This  result  is  stored  in  the  Fault  Knowledge 
Base  (Fault  KB)  . 

(2)  The  fault  cable's  structure  data  arc  extracted  from 
the  Cable  Plant  DB.  This  data  is  stored  in  the  Cable 
Structure  Knowledge  Base  (Cable  Structure  KB), 

(3)  The  Reasoning  Engine  estimates  fault  distance 
based  on  the  Cable  Structure  KB  .Fault  KB  and  pulse 
echo  test.. 


Cubic  faults  are  recorded  at  maintenance  offices. 
These  records  contain  the  type  of  fault,  component 
name,  construction  name,  environment,,  fault  date. 
These  are  shown  in  Fig.  9(a).  The  Fault  KB  is  made 
based  on  these  records. 

The  Fault  KB  is  represented  using  the  same  frame  as 
the  Cable  Structure  KB,  as  shown  in  Fig.  9(b).  Here,  the 
fault  rate  X  is  defined  by  the  following  equation. 

X  (t,t+At)  =  nf  (t,t+At)  /  n(t)At  r  5 ) 


1  2  k 


Fig. 7  Subscriber  Cable  Structure 


Route  name: 

ROUTE  A 

Section  name- 

NISiOKA  1 

Fault  type: 
Components: 

CCP-CABLE,  JOINT 

Construction  year: 

1982 

Environment: 

UNDERGROUND 

Fault  rate:. 

Fig.8  Cable  Structure  Knowledge  Base 
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Where,  n(t)  is  the  number  of  components  which 
includes  no  fault  at  time  t,  and  nr(t,t+At)  is  the 
component's  number  that  faults  occur  between  time  t 
and  t+At. 

4.3  Reasoning  Engine 

The  Reasoning  Engine  decides  the  order  of  cable 
sections  when  we  search  the  fault  i"  the  Held.  The 
order  is  based  on  the  fault  existing  probability  for  each 
cable  section,  which  is  derived  from  the  result  of  the 
pulse  test  and  the  fault  rates  in  the  Fault  KB  (Fig.  1Q). 

The  approximate  fault  distance  and  its  error  can  be 
determined  from  the  pulse  test.  Here,  we  assume  that 
the  fault  existing  probability  Pmij  for  each  cable 
section  is  represented  as  the  following  equation. 

Pmij  =  c  ■  exp  {-  (xj  -Xi)2  /  2a2)  (6) 

Where,  Pmij  is  the  probability  that  a  fault  occurs  at 
section  i.  and  the  pulse  test  indicates  the  fault  at 
section  j.  xi  and  xj  arc  the  distances  of  section  i  and  j,. 
respectively,  and  o  is  the  standard  deviation  of  the 
pulse  test  location  error  and  c  is  the  normalizing 
constant. 

The  fault  existing  probability  Pfi  for  each  cable 
section  is  also  defined  by  the  following  equation,  based 
on  the  Fault  KB  and  (Vdc  Structure  KB. 


Pn-X,  /£*j 

j'1  (7) 

Where,  A,  i,  j  and  ns  arc  fault  rate,  section  numbers, 
and  the  last  section  number,  respectively. 

The  probability  Pcij  that  section  i  is  indicated  by  the 
pulse  test  and  the  fault  exists  at  section  j  is  written  by 
the  following  equation,;  using  the  above  two 
probabilities.. 


_ r . . . — - - 1 

_ r  ; 

Fault  No.i 

Fault  type:  OPEN 

Components:  ST  CABLE 

Construction  year:  1 980 

Environment:  UNDERGROUND 

Fault  date:  1982.6.30 

(a)  Fault  Records 


Frame  of  fault 

Route  name: 

Section  name: 

Fault  type: 

OPEN 

Components: 

JOINT 

Construction  year:. 

1982 

Environment: 

AERIAL 

Fault  rate  A.  : 

0.005 

(b)  Fault  KB 

Fig.9  Fault  Records  and  Fault  KB 


n5 

Pcij  =  PfjPmji/  2)  Pfk  Pmki 

k=l  (8) 

The  fault  section  searching  order  is  decided  in  order 
from  the  largest  Pcij.. 

The  output  example  of  the  Reasoning  Engine  is 
described  in  Fig.  10.  Where,  lines  and  circles  represent 
cable  sections  and  telephone  poles  or  manholes, 
respectively.  The  thickest  line  shows  the  largest  fault 
existing  probability  section.  The  second  thickest  line 
shows  the  second  fault  existing  section. 


5.  Field  Test 

A  field  test  was  conducted  for  3  faulty  cables.  Each 
cable  had  about  30  sections,  about  10  joints,  and  one 
branch  cable,  and  the  total  length  of  each  cable  was 
about  3000  m.  We  collected  about  1000  fault  records,  and 
obtained  about  50  frames  of  Fault  KB,  for  this  field  test. 

The  results  arc  shown  in  Table  2.  Two  types  of  results 
are  described.  One  is  by  the  Fault  Location  Expert 
System,  and  the  other  is  by  only  the  pulse  test.  Two 
routes  by  the  Expert  Svsicm  coincide  with  the  actual 
faults.  However,  only  one  route  with  the  pulse  test 
coincides. 

The  results  show  that  the  fault  section  searching 
order  is  effectively  improved  using  the  Fault  Location 
Expert  System. 


Fault  Searching  Order 


Office 

Telephone 
. We . 


Fig.  10  Reasoning  Engine 


Table  2  Field  Test  Results 


Route 

Fault 

Fault  Dietance 

Estimated  Fault  Section 

No. 

Type 

(Error)  m 

Order 

Expart  ays. 

Only  Pulsa  Test 

1 

E-maln43(70.2%)« 

E-msin43  * 

Ml  7- 

Opan 

1662 

2 

E-maln45(26.2%) 

E-main44 

8 

(42) 

3 

E-main4l(t9.4%) 

E-main42 

H 

E-main46(30.5%)* 

E-main47 

Ml  7- 

Opan 

1806 

ES 

E-main45(29.9%) 

E-branchl 

13 

(45) 

HI 

E-main48£25.3%) 

E-main46  * 

i 

E-main44 

Ml  7- 

Opan 

1702 

2 

E-main43(33.iy<)* 

E-main45 

48 

(43) 

3 

E-main46(14.5%) 

E-main43  » 

*  Actual  Fault 
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6.  Conclusion 


A  new  precise  fault  locating  technique  was 
investigated  for  subscriber  paired  cables  with 
different  gauge  cables  and/or  branch  cables.  The 
following  techniques  were  clarified: 

(1)  Using  waveform  pattern  matching,  a  new  pulse 
echo  test  system  is  applicable  for  the  subscriber  cable 
fault  location. 

(2)  An  expert  system  can  improve  fault  location 
accuracy  of  the  pulse  test,  which  is  composed  of  two 
knowledge  bases  and  a  reasoning  engine. 

(3)  Field  test  was  carried  out,,  using  a  prototype  system 
with  knowledge  based  on  about  1000  fault  records,  and 
error  distances  of  less  than  100  m  were  obtained. 
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Leaky  Coaxial  Cable  Systems  for  High  Speed  Trains  in  Tunnels 
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Abstract 

Extended  requirements  for  modern  telecommuni¬ 
cations  systems  need  new  transmission  techniques. 
In  the  field  of  mobile  communication  even  in  those 
areas  where  radio  links  can  hardly  be  provided 
caused  by  environmental  conditions  communication 
systems  are  being  installed.  The  use  of  leaky 
coaxial  cables  seems  to  be  an  efficient  solution 
to  achieve  this  purpose.  This  contribution 
describes  a  tunnel  radio  system  and  the 
development,  the  construction  and  the  installation 
of  radiating  coaxial  cables. 


1.  Introduction 

Today  the  demand  for  mobile  communication 
increases  all  over  the  world.  The  final  aim  is  a 
world-wide  mobile  communication  system  which  is 
able  to  maintain  the  connection  to  mobile 
subscribers  at  any  point,  even  in  road  -  or 
railway  tunnels.  One  possibility  supplying  radio 
waves  inside  tunnels  is  the  installation  of  leaky 
coaxial  cables.  These  cables  are  connected  to 
fixed  transmitter/receiver  stations  and  form  the 
antenna  feeder  cable  and  the  antenna  itself.  The 
difference  between  a  conventional  antenna  and  the 
leaky  coaxial  cable  is  the  mechanism  of  radiation. 

for  the  increase  of  the  attractivity  of  railway 
travelling  the  German  Railways  want  to  offer  new 
services  to  the  passengers  of  the  new  high  speed 
trains  ICE. 

Therefore  on  the  newly  built  high  speed  routes 
Hannover-WUrzburg  and  Mannheim-Stuttgart  with  large 
sections  in  tunnels  or  valleys  a  tunnel  radio 
system  is  being  installed  in  these  days.  The 
following  interactive  and  distributive  public 
services  shall  be  supplied: 

-  mobile  telephone  (C-net) 

-  FM  broadcasting 

-  european  radio  locator  service  (Eurosignal) 

These  services  shall  be  transmitted  inside  tunnels 
and  other  areas  with  poor  propagation  properties 
using  their  original  frequency  positions  /I/. 
Tunnels  usually  are  not  supplied  by  public 
installations. 


2.  Project  Description 

For  the  communication  between  fixed  and  mobile 
subscribers  usually  radio  links  are  used.  The 
increasing  demand  for  communication  requires  the 
availability  of  mobile  subscribers  at  any  place  - 
even  inside  trains  passing  tunnels.  At  this  stage 
the  public  services  which  are  to  be  offered  are 
only  supplied  on  the  new  high  speed  routes 
Hannover-WUrzburg  and  Mannheim-Stuttgart.  The 
layout  of  these  lines  avoids  ascending  gradients. 
Therefore  the  location  of  the  lines  is  partly  in 
areas  which  inhibit  the  propagation  of  radio 
waves.  For  example  160  km  of  the  new  lines  are 
running  in  up  to  11  km  long  tunnels.  In  order  to 
guarantee  a  continuous  radio  supply  the  tunnel 
radio  system  TFS91  was  necessary  121.  In  the  free 
space  supplementary  antennas  are  installed  which 
are  able  to  supply  even  those  sections  running  in 
cuttings.  Caused  by  the  great  length  of  the 
tunnels  and  by  the  different  frequency  ranges  to 
be  transmitted  a  solution  with  additional  antennas 
inside  the  tunnels  seemed  to  be  impossible  to 
realize.  In  those  sections  where  the  lines  are 
shadowed  by  big  overhead  crossings  or  tunnels 
radiating  broad-band  cables  are  used. 


Fig.  2.1  High  Speed  Express  Train  ICE 
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Experiences  from  other  fields,  -  e.g.  road  tunnels 
-  have  shown  that  radiating  cables  because  of 
their  broad-band  capacities  and  their  little  need 
of  space  keep  big  advantages  compared  with 
directional  antennas. 

The  leaky  coaxial  cables  used  for  TFS  91  are  also 
designed  for  the  future  european  mobile  telephone 
net  (D-net)  which  will  operate  in  the  frequency 
range  between  890  MHz  and  960  MHz. 

The  German  Railways  intend  in  the  long  run  to 
provide  all  main-lines  with  such  a  radio  system. 

3.  System  Configuration 

3.1  Frequency  Ranges  and  Radio  Supply 

As  already  mentioned  the  three  public  services 

mobile  telephone,  FM  broadcasting  and  Eurosignal 
shall  be  offered  to  the  railway  passengers.  These 
services  are  using  different  frequency  ranges. 

The  radio  locator  service  -  the  so-called 
Eurosignal  -  needs  two  channels.  Its  frequencies 
are  87,365  MHz  and  87,460  MHz.  The  frequency  range 
of  the  FM  broadcast  service  expands  from  87,5  MHz 
to  108  MHz. 

The  mobile  telephone  uses  two  ranges  inside  the 
UHF-band.  The  fixed  stations  transmit  between  461 
MHz  and  465,74  MHz  and  the  mobile  subscribers 
answer  between  451  MHz  and  455,74  MHz.  The 
required  minimum  field  intensity  is  30  dBgV/m  for 
the  mobile  telephone,  40  dBgV/m  for  FM 
broadcasting  and  26  dBpV/m  for  the  Eurosignal. 

The  tunnel  radio  system  is  designed  for  a  speed  of 
up  to  250  km/h. 

The  supply  of  mobile  telephone  in  the  areas  of  the 
greater  towns  and  inside  two  tunnels  of  the  line 
Mannheim-Stuttgart  is  done  by  German  PTT  itself. 
The  sections  between  tunnels  are  supplied  by 
free-radiating  antennas. 

If  these  sections  are  not  supplied  sufficiently  by 
FM  broadcasting  and  Eurosignal  also  free-radiating 
antennas  will  be  installed.  But  for  these 
applications  gaps  up  to  100  m  are  tolerated. 

The  tunnel  sections  after  all  are  equipped  with  a 
radiating  cable  which  meets  the  requirements 
mentioned  above. 

Inside  the  tunnels  the  leaky  coaxial  cables  are 
fed  by  the  so-called  tunnel  radio  stations.  These 
stations  are  spaced  at  a  maximum  distance  of  1500 
m.  The  stations  itself  are  fed  by  an  optical  fiber 
cable  which  runs  along  the  railway  line  and  leads 
to  the  so-called  tunnel  radio  head  station. 

3.2  Tunnel  Radio  Head  Station 

The  tunnel  radio  head  station  forms  the  interface 
between  the  services  transmitted  in  the  free  space 
and  the  tunnel  radio  system. 


Three  radio  programs  and  the  Eurosignal  are  picked 
up.  The  frequencies  are  transformed  and 
transmitted  via  an  analogue  broadband  optical 
transmission  system  to  the  tunnel  radio  stations, 
where  the  signals  are  retransformed  into  their 
original  frequency  positions  and  fed  to  the  leaky 
coaxial  cables  (System  Bosch  Telecom  /I/, 
Fig.  3.1). 


System  ConMguroticn 


The  signals  of  the  mobile  telephone  are  picked  up 
at  the  radio  frequency  interface  of  the  C-net 
fixed  station  of  the  PTT  which  is  situated  near  by 
the  tunnel  radio  head  station.  The  signals  are 
transformed  in  a  similar  way  as  the  other  ones, 
transmitted  optically  to  the  tunnel  radio  stations 
and  retransformed  and  fed  to  the  cables.  Seven 
voice  channels  and  one  organisation  channel  are 
transmitted,  so  that  in  the  area  of  one  tunnel 
radio  head  station  seven  telephone  calls  can  be 
done  at  the  same  time. 

In  the  tunnel  radio  station  the  returning 
telephone  channels  received  by  the  leaky  coaxial 
cable  are  filtered  by  an  frequency  diplexer, 
transformed  to  another  frequency  range  and  fed 
back  to  the  tunnel  radio  head  station  by  the 
optical  transmission  system. 

The  location  of  the  head  stations  is  chosen  in 
such  a  way,  that  on  one  hand  a  faultless  reception 
of  the  distributive  services  and  a  trouble  free 
radio  link  to  the  nearest  public  C-net  fixed 
station  are  possible. 

Another  criterion  for  the  choice  of  location  of 
the  head  stations  is  the  so-called  overlap-area. 
In  this  area  telephone  calls  are  handled  over  from 
one  C-net  radio  cell  to  another.  For  this  purpose 
an  overlap-zone  of  about  5  km  is  provided.  Usually 
these  overlap-zones  are  located  in  the  free  space 
between  two  tunnel  sections.  They  are  supplied 
from  both  sides  by  free-radiating  antennas. 

From  topographic  reasons  overlap-zones  can  be 
located  inside  tunnels  or  even  mixed 
configurations  are  possible.  In  this  cases  the 
zones  can  be  shorter  than  5  km. 


72  International  Wire  &  Cable  Symposium  Proceedings  1990 


3.3  Tunnel  Radio  Stations 

Inside  the  tunnel  radio  stations  the  signals 
transmitted  from  the  head  stations  via  the  optical 
transmission  system  are  reconverted  to  electrical 
signals  and  retransformed  into  their  original 
frequency  position.  They  are  fed  to  the  leaky 
coaxial  cables  and  emitted  according  to  the 
requirements  concerning  the  minimum  field 
intensity  described  in  chapter  3.1. 

A  broad-band  receiver  picks  up  the  whole  lower 
C-net  band,  which  is  transmitted  to  the  head 
station  after  frequency  transformation  and 
electro-optical  conversion. 

Inside  the  overlap-zones  the  broad-band  receiver 
feeds  an  radiolocation  receiver.  Its  task  is  the 
early  identification  of  trains  coming  from 
adjoining  radio  cells,  so  that  the  telephone  calls 
can  be  handled  over  in  time. 

Besides  this  each  tunnel  radio  station  is  equipped 
with  an  error  detection  system.  Detected  errors 
are  transmitted  to  the  head  stations.  After  being 
brushed  up  they  are  transmitted  to  a  central  fault 
detection  processor  of  the  German  Railways.  For 
each  tunnel  radio  station  two  error  messages  are 
provided  -  one  for  the  distributive  services  and 
one  for  the  mobile  telephone. 

3.4  Optical  Transmission  System 

The  optical  transmission  equipment  consists  of  a 
linear  analogue  broad-band  transmission  system  - 
as  it  is  used  e.g.  for  the  wide-area  distribution 
of  broadcast  and  TV  channels  /1/,/3/  -  and  an 
optical  fiber  cable  plant  with  single  mode  fibers. 
Depending  on  the  direction  of  transmission  the 
tunnel  radio  stations  are  connected  radially  or 
linearly  to  the  tunnel  radio  head  station.  Usually 
one  head  station  supplies  a  route  of  15  km  at  each 
side  and  additionally  5  km  overlap  zone  -  if 
necessary. 

The  connection  from  the  head  station  to  the  tunnel 
stations  is  performed  radially.  Three  optical 
fibers  are  used  for  this  direction.  The  first 
fiber  supplies  an  area  up  to  7  km  from  the  head 
station  by  coupling  optical  energy  to  the  tunnel 
stations  with  passive  means.  The  second  one 
supplies  the  following  area  up  to  12  km,  and  the 
third  one  supplies  the  remaining  3  km  up  to  15  km. 
In  the  first  area  a  maximum  of  7,  in  the  second 
one  5,  and  in  the  third  one  3  tunnel  stations  can 
be  provided  because  of  the  distribution  of  the 
optical  signals  is  purely  passive  via  optical 
splitters,  no  opto-electrical  conversion  is 
necessary  at  these  points. 

The  connection  of  the  other  direction  is  linear. 
The  fiber  of  the  return  channel  is  looped  through 
all  tunnel  stations  belonging  to  one  side  of  a 
head  station.  After  opto-electrical  conversion 
this  signal  and  the  return  signal  of  the  tunnel 
station  itself  are  multiplexed  in  the  frequency 
range.  Then  the  electrical  multiplex  signal  is 
converted  to  an  optical  one  and  is  transmitted  to 


the  next  tunnel  station  or  finally  to  the  head 
station. 


4.  Leaky  Coaxial  Cable 
4.1  Construction 

Radiating  cables  have  a  coaxial  design.  They 
consist  of  a  central  conductor,  a  concentric 
insulation  dielectric,  an  outer  conductor  covering 
the  dielectric,  and  an  outer  thermoplastic  sheath. 
The  inner  conductor  is  made  of  massive  copper  or 
for  cables  with  larger  dimensions  it  is  made  of 
copper  cladded  aluminium  wire  or  a  copper  tube 
filled  with  polyethylene  for  reduction  of  weight 
and  for  economic  reasons.  For  the  dielectric  a  low 
relative  dielectric  constant  is  necessary  to  get 
low  longitudinal  attenuation  and  broad-band 
radiation  characteristics.  Both  is  achieved  by 
using  a  dielectric  in  bamboo  construction:  on  the 
inner  conductor  polyethylene  discs  are  placed  in  a 
constant  distance  of  a  few  centimeters.  Over  these 
discs  a  polyethylene  tube  of  anout  2  millimeters 
is  extruded.  This  system  of  air  chambers  resembles 
bamboo  tubes  /4/. 


Fig.  4.1  Bamboo  Dielectric 


Because  of  the  air  portion  the  resulting 
dielectric  constant  is  in  the  range  of  1.2  to  1.3. 
The  bamboo  is  longitudinally  and  laterally 
watertight.  Radiating  cables  have  relatively  large 
dimensions,  so  the  bending  characteristics  are  an 
important  topic.  The  bamboo  dielectric  fulfils  the 
tough  requirements  and  has  high  lateral  stability. 
For  the  outer  conductor  of  radiating  cables 
prepunched  copper  tapes  are  used  which  are 
longitudinally  applied  by  forming  a  tube.  The  slot 
configuration  is  periodically  repeated  along  the 
cable  length.  Over  the  copper  outer  conductor  a 
sheath  consisting  of  flame-retardpnt 
non-halogenuous  thermoplastic  material  is 
extruded.  In  an  open  flame  the  material  shows  only 
low  smoke  emission. 

4.2  Operating  Function  of  Leaky  Coaxial  Cables 

Openings  in  the  outer  conductor  cause 
electromagnetic  coupling  of  the  inner  wave  through 
the  outer  space  of  the  coaxial  cable  to  an  antenna 
and  vice  versa.  The  most  important  characteristic 
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for  energy  transport  along  the  cable  is  the 
longitudinal  loss,  i.e.  the  loss  of  energy  per 
unit  of  length,  the  longitudinal  attenuation  is 
mainly  determined  by  the  dimensions  and  the 
material  properties  of  the  cable.  In  addition 
coupling  loss  affects  longitudinal  attenuation. 
The  coupling  of  energy  from  the  leaky  coaxial 
cable  to  the  outside  is  described  by  the  coupling 
loss.  This  is  defined  as  the  ratio  of  energy 
received  at  the  antenna  to  the  transmitted  energy 
on  the  leaky  coaxial  cable  opposite  to  the  place 
of  the  antenna.  This  is  also  valid  for  the 
transmission  from  the  antenna  to  the  leaky  coaxial 
cable  (reciprocity).  The  radiation  increases  the 
longitudinal  loss.  Radiation  is  caused  by  a 
regular  stimulation  by  the  periodic  aperture 
configuration.  The  intensity  of  radiation  is 
mainly  determined  by  the  number  of  openings  per 
periodicity  length.  The  arrangement  of  the 
openings  within  the  configuration  produces  a 
nearly  homogeneous  radiation  all  over  the  chosen 
frequency  bands.  Also  shape  and  area  of  the  single 
opening  play  an  important  part  in  the  design 
process. 

The  slot  configuration  of  the  leaky  coaxial  cable 
LK37  has  the  following  properties:  ? 
32  openings  shaped  as  slots  of  3x20  mnr 
perpendicular  to  the  cable  axis  are  arranged  in 
non  regular  density  within  the  periodicity  length 
of  about  1050  mm.  So  all  the  normally  used 
frequency  bands  at  4  meters,  2  meters,  0.7  meters 
and  0.3  meters  for  the  frequencies  around  80  MHz, 
150  MHz,  450  MHz  and  900  MHz  are  covered.  The 
seemingly  chaotic  configuration  of  the  slots  is 
the  result  of  a  complicated  mathematical  model 
computation.  A  description  would  by  far  exceed  the 
scope  of  this  paper  and  has  been  described  before 
75/ . 


80  MHz 
450  MHz 
960  MHz 


£  65  dB 
£  70  dB 
£  70  dB 


structural  return  loss  (measured  cable  length 
approximately  70  m) 


80  -  108  MHz 

£  25 

dB 

147  -  170  MHz 

£  20 

dB 

450  -  465  MHz 

£  18 

dB 

890  -  960  MHz 

£  16 

dB 

relative  propagation  velocity 

87  % 

max.  tensile  strength 

1000  N 

min.  bending  radius 

950  mm 

(with  model) 

weight  (guiding  value) 

810  g/m 

4.4  Laying  of  Leaky  Coaxial  Cable 


Normally,  leaky  coaxial  cables  are  mounted  at  the 
side  wall  about  5  metres  above  railway  track. 
Obstacles  like  hanging  weights  for  stretching  the 
aerial  contact  line,  signalling  posts  etc.  are 
passed  by.  The  leaky  coaxial  cable  is  mounted  on 
stand-off  clamps  providing  a  distance  of  12  cm 
between  cable  and  wall.  This  distance  has  shown  as 
an  optimum  for  a  variety  of  leaky  coaxial  cable 
parameters.  The  ends  of  the  leaky  coaxial  cable 
are  led  into  the  tunnel  radio  station  using 
isolators  which  can  bear  a  test  voltage  of  2.000  V 
(direct  current).  In  addition,  high  voltage 
protection  deductors  with  an  ignition  voltage  of 
approximately  200  V  are  installed.  The  outer 
sheaths  of  the  leaky  coaxial  cables  are  connected 
to  the  tunnel-ground. 


5.  Measurement  Technique 


4.3  Specification  of  the  Leaky  Coaxial  Cable  LK37 

The  mechanical  and  electrical  properties  for  the 
Lk37  with  flame-retardent  non-halogenuous  sheath 
are  listed  below: 

dianeter  of  inner  conductor  9,45  mm 

diaaeter  of  outer  conductor  23,60  mm 

thickness  of  outer  conductor  0,25  mm 
(with  slot  configuration) 
dlaaeter  of  leaky  coaxial  cable  28,10  mm 

impedance  50  (1 

longitudinal  attenuation  in 
open  area,  1.5  m  distance  from 
unarmoured  concrete  floor 

80  MHz  £1.4  dB/km 

450  MHz  £  3.4  dB/km 

960  MHz  £  6.8  dB/km 

longitudinal  attenuation  near  a  "wall",  0.12  m 
distance  from  unarmoured  concrete  floor 

80  MHz  £  1.6  dB/km 

450  MHz  £  3.5  dB/km 

960  MHz  £  6.1  dB/km 

coupling  loss  (average),  measured  in  open  area 
with  vertically  polarized  "  /2  "  -  dipole  in  2  m 
distance,  longitudinal  attenuation  not  taken  into 
account 


If  the  most  important  characteristics  of  leaky 
coaxial  cables  are  to  be  recorded,  the  standard 
measurement  equipment  has  to  be  modified  according 
to  these  special  requirements.  The  important 
transfer  properties  are  longitudinal  attenuation, 
structural  return  loss  and  coupling  loss.  These 
parameters  cannot  be  measured  at  a  cable  on  a 
drum.  Because  of  the  mutual  influences  of  the 
radiating  slots  of  neighbouring  lays,  those  leaky 
coaxial  cables  are  tested  only  under  mounting 
conditions.  For  this  a  test  route  has  been 
erected  (Fig.  5.1). 


L 


Fig.  5.1  Test  route 
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These  parameters  describe  the  characteristics 
under  operating  conditions.  This  measurement 
equipment  was  built  to  registrate  all  these 
properties  in  the  important  frequency  range  with 
only  a  small  number  of  measuring  devices 
(Fig.  5.2). 


Fig.  5.2  Principal  Figure  for  the  three 
measurement  setups 

In  fig.  5.2  a)  the  setup  for  the  measurement  of 
the  structural  return  loss  is  shown.  In  this  case 
the  measurement  steps  are  f  =  200  KHz  in  the 
whole  operation  range  of  the  leaky  coaxial  cable. 
Periodical  disturbations  due  to  wrong  mounting 
conditions  are  to  be  seen  directly. 


By  the  mounting  of  the  cable  near  the  wall  both 
cable  ends  are  not  available  at  the  same  place  for 
the  measurement  of  the  longitudinal  attenuation. 
Leaky  coaxial  cables  are  used  in  a  wide  frequency 
range,  so  it  makes  no  sense  to  take  a  classical 
measurement  equipment  to  measure  longitudinal 
attenuation  at  one  frequency.  In  this  method 
receiver  and  transmitter  are  "tele-synchronized" 
(Fig.  5.2  b).  If  the  measuring  time  of  the 
receiver  is  much  smaller  than  rhe  switching  time 
of  the  transmitter  from  one  fr  quency  to  the  next 
frequency,  so  it  is  possible  to  measure  in  a 
similar  way  like  the  classical  procedure  and  get 
quasi-continuous  plot  of  the  attenuation. 


Longitudinal  attenuation  of  leaky  cables 

100-j- 

SO-i- 

*4 


C»b 1 «  type  IK  3?  ;  Cable  length:  74 *  m  ;  Mounting  distance*  l£cm 


aR  =  20  *  log  (1/  r  ) 
r  =  reflection  coefficient 


Fig.  5.4  Longitudinal  Attenuation;  Cable  Type  LK37 


Fig.  5.3  shows  the  graph  of  such  a  measurement. 


Fig.  5.3  Structural  Return  Loss;  Cable  Type  LK37 


The  peaks  over  the  frequency  range  are  produced  by 
the  mismatching  of  the  cable  at  these  special 
frequencies.  If  the  peaks  in  the  working  range  are 
less  than  -  15  dB  the  longitudinal  wave  will  not 
be  disturbed. 


The  frequr  cy  range  from  20  to  1000  MHz  in  steps 
of  1  MHz  is  measurable  in  a  few  minutes  and  a 
nearly  continuous  graph  of  the  attenuation  is 
achieved  (Fig.  5.4).  Coupling  loss  and 
longitudinal  attenuation  depend  on  the 
environment,  that  means  the  specifications  are  not 
the  same  for  open  area  and  the  working  condition 
in  a  tunnel.  The  actual  longitudinal  attenuation 
is  used  to  correct  the  result  of  the  coupling  loss 
in  the  setup  Fig.  5.2  c).  The  local  measured  field 
intensity  is  compensated  by  the  longitudinal 
attenuation  after  measuring. 

In  this  procedure  the  field  intensity  is  measured 
in  up  to  300  times  per  second  in  maximum  along  the 
leaky  coaxial  cable.  The  field  intensity  at  the 
receiver's  antenna  is  the  transmitter  output  power 
reduced  by  the  sum  of  coupling  loss  and 
longitudinal  attenuation.  This  sum  is  the 
so-called  "system  value".  After  a  statistical 
evaluation  the  mean-value  and  the  95  %-value 
describe  the  quality  of  the  coupling  loss. 

These  evaluations  are  important  to  give  a 
statement  on  the  quality  of  the  leaky  coaxial 
cable.  All  measured  data  are  saved  on  hard  discs 
and  so  it  is  possible  to  perform  mathematical  data 
processing  later. 
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This  automatical  measuring  equipment  gives  the 
possibility  to  find  out  a  system  value  for  a 
special  tunnel  profile  for  each  leaky  coaxial 
cable  type. 

6.  Results 

In  this  chapter  the  investigations  on 
environmental  effects  affecting  the  various  leaky 
coaxial  cable  parameters  will  be  presented.  Fig. 
6.1  shows  the  result  of  a  open  area  coupling  loss 
measurement  in  our  test  facility. 

The  upper  diagram  shows  precisely  the  behaviour  of 
the  receiver  input  level,  below  the  statistical 
evaluation  of  the  coupling  loss  is  presented.  The 
most  important  result  is  the  average  of  the 
coupling  loss  d(50  %)  as  well  as  the  d(-95  %)  - 
value  which  is  used  for  planning  of  tunnel  radio 
systems. 


LK  37,  longitutinal  attenuation  0  dB 
\  /  2  dipole,  transmitted  power  7  dBm 
open  area  measurement,  70  m  leaky  cable  length 


Fig.  6.1  Measuring  Record  of  Coupling  Loss 

For  tunnel  radio  system  planning  the  sum  of 
longitudinal  attenuation  and  coupling  loss  is 
used.  Both  parameters  depend  on  the  operating 
frequencies  and  on  the  length  of  the  leaky  coaxial 
cable.  Long  term  experiences  have  shown  that  leaky 
coaxial  cables  in  tunnels  often  behave  different 
from  leaky  coaxial  cables  in  open  area 
installations.  The  reasons  are  the  mounting 
material  and  fixing  method  as  well  as  the  tunnel 
profile  and  tunnel  installations,  for  example  the 
aerial  contact  line  or  signal  posts.  Those  effects 
are  due  to  the  environment  of  the  leaky  coaxial 


cable  and  cannot  be  predicted  precisely.  The 
adjacent  problems  can  be  minimized  by  mounting 
with  12  cm-clamps  to  keep  a  sufficient  stand-off 
from  wall  and  ceiling,  respectively.  Free  space 
results  may  not  be  used  for  system  planning 
purposes  without  careful  investigations.  But  they 
allow  to  some  extent  the  comparison  of  different 
leaky  coaxial  cable  types.  A  security  margin  has 
to  be  taken  into  account  for  tunnel  installations 
based  on  the  experiences  of  the  system  engineers. 
The  influence  of  the  distance  between  mobile 
antenna  and  leaky  coaxial  cable  in  open  area  is 
shown  in  tables  6.1  and  6.2: 

Table  6.1 


Coupling  loss/dB  for  different  distances  between 
leaky  coaxial  cable  and  mobile  antenna 


frequency 

2  m 

4  m 

6  m 

MHz 

5055/95% 

50%/95% 

50%/95% 

70 

60,9/75,3 

66,1/79,1 

70,0/82,4 

87 

61,3/71,6 

67,7/77,7 

70,5/80,6 

100 

59,2/72,1 

64,7/75,3 

68,2/77,5 

160 

63,8/74,4 

68,1/77,7 

70,0/82,5 

460 

64,6/77,9 

68,6/80,0 

70,1/81,1 

920 

66,5/78,1 

68,2/79,7 

69,8/80,1 

950 

66,9/79,1 

68,8/79,4 

71,6/83,0 

Table  6.2 


Coupling  loss/dB  for  different  distances  between 
leaky  coaxial  cable  and  mobile  antenna 


frequency 

2  m 

4  m 

6  m 

MHz 

50%/95% 

5055/95% 

50%/95% 

70 

58,0/68,0 

64,7/76,5 

69,6/80,8 

87 

63,8/74,1 

70,0/82,2 

73,1/84,0 

100 

63,4/76,1 

70,8/82,7 

75,1/87,3 

160 

68,8/78,6 

75,8/86,2 

76,5/88,3 

460 

60,9/71,8 

64,9/74,3 

67,0/76,9 

920 

58,7/68,5 

62,9/74,1 

64,5/76,0 

950 

63,0/109,7 

63,4/75,0 

65,0/75,7 

Theoretically  the  receiver  input  signal  level  is 
predicted  to  be  just  half  the  value  when  the 
distance  is  doubled.  This  can  be  seen  by  an 
increase  of  the  coupling  loss  of  6  dB  per  doubling 
the  distance  or  about  10  dB  per  tripling  the 
distance.  This  is  most  obvious  in  the  4  m-  band 
and  also  to  be  seen  in  the  2m-band.  At  frequencies 
around  460  MHz  the  effect  is  reduced  and  nearly 
vanishes  at  900  MHz.  But  the  general  trend  remains 
in  both  tables. 

Table  6.1  shows  the  measured  open  area  values  of 
a  leaky  coaxial  cable  with  a  polyethylene  sheath 
and  a  non-metallic  supporting  rope,  the 
periodicity  length  of  the  slot  configuration  is 
about  1050  mm  the  number  of  slots  is  32.  Having 
used  the  same  measuring  procedure  the  results  of 
the  same  measuring  procedure  of  a  leaky  coaxial 
cable  of  the  same  diameter  and  impedance,  but  with 
a  mica-tape  on  the  dielectric  and  a 
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flame-retardant  non-halogenuous  sheath  are  shown 
in  table  6.2.  The  number  of  slots  is  64, 
distributed  in  a  periodicity  length  of  2200  mm.  It 
is  remarkable  that  the  results  are  similar  but 
influenced  by  the  construction  details. 

It  is  to  be  taken  into  account,  that  the  ratios  of 
distance  and  wavelength  approach  more  and  more  the 
far  field  conditions  when  the  operation  frequency 
rises.  In  addition  to  that  the  reflection 
properties  of  the  concrete  floor  change  for 
different  frequencies.  In  open  area  measurements 

no  other  reflections  than  those  on  the  ground  do 
occur  normally  as  long  as  there  are  no  additional 
obstacles.  Contrarily  to  the  open  area  results 
there  is  no  systematical  behaviour  for  changes  in 
distance  between  leaky  coaxial  cable  and  mobile 
antenna  within  a  tunnel. 


Fig.  6.2  Distribution  of  coupling  loss  within  the 
tunnel  Drofile 

Measurements  at  450  MHz  with  eight  different 
antenna  positions  (Fig.  6.2)  have  shown  a  field 
intensity  amplitude  distribution  within  the  tunnel 
profile  for  three  distances  and  three  heights.  The 
measured  mean  values  of  the  coupling  loss  vary 
unsystematically  around  the  mean  value  of  70  dB  in 
a  range  of  ±4dB.  The  values  near  the  leaky  coaxial 
cable  are  not  the  best  results,  the  values  far 
from  the  leaky  coaxial  cable  are  not  the  worst 
results.  This  behaviour  has  been  described  as  a 
sort  of  "filling  effect"  which  means  that  the 
superposition  of  many  direct  signals  (i.e.  air 
line  distance  between  radiation  aperture  and 
mobile  antenna)  plus  indirect  signals  (i.e.  single 
and  multiple  reflections)  always  delivers  similar 
results. The  longitudinal  attenuation  as  a  function 
of  the  distance  between  leaky  coaxial  cable  and 
wall  or  ceiling,  respectively,  has  been  determined 
in  a  series  of  tests.  As  a  first  test  a  leaky 
coaxial  cable  was  laid  directly  on  the  surface  of 
the  mentioned  above  unarmoured  concrete  floor 
mentioned  above  in  form  of  a  loop.  The  result  was 
as  bad  as  anticipated.  Then  wooden  blocks  of  4  cm 


height  were  placed  under  the  cable  of  70  m  length. 
The  longitudinal  attenuation  decreased.  Then  the 
height  of  the  blocks  simulating  a  non-metallic 
mounting  clamp  was  augmented  by  steps  of  2  cm.  The 
results  are  shown  in  figure  6.3.  This  figure  shows 
clearly,  that  12  cm  is  an  optimum,  because  higher 
mounting  does  not  improve  the  longitudinal  loss 
significantly  but  reduces  the  free  profile  space 
of  the  tunnel.  It  has  also  shown  that  the 
orientation  of  the  slots  is  uncritical.  Coupling 
loss  measurements  for  this  kind  of  mounting  could 
not  be  done  because  the  electro-vehicle  simulating 
the  mobile  subscriber  would  always  have 
"collected"  the  radiation  of  the  two  branches  of 
the  leaky  coaxial  cable  loop  at  the  same  time.  So 
the  result  would  not  be  comparable  to  other 
measurements  before. 


Fig.  6.3  Longitudinal  Attenuation  Depending  on 

Mounting  Distance  between  Cable  and  Wall 


The  influence  of  the  distance  between  leaky 
coaxial  cable  and  wall  or  ceiling,  respectively, 
on  the  radiation  performance  has  been  tested  in  a 
typical  tunnel  for  the  high  speed  trains.  Two 
leaky  coaxial  cables  of  the  same  type  were 
mounted,  one  on  stand-off  clamps  of  6.5  cm,  the 
other  one  on  clamps  of  12  cm  distance. 


6.4  Test  Installation  with  6.5  and  12  cm  Distance 
between  Cable  and  Wall 
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The  results  of  the  measurement  of  the  longitudinal 
loss  of  750  m  leaky  coaxial  cable  were  very 
similar  to  those  of  the  open  area  measurements 
with  a  70  m  leaky  coaxial  cable  of  the  same  type. 
The  measurement  of  the  coupling  loss  under  nearly 
perfect  indentical  environmental  conditions  except 
the  clamp  heights  is  documented  in  Fig.  6.5.  The 
decrease  of  the  coupling  loss  with  rising  distance 
from  the  wall  is  to  be  seen  clearly,  as  well  as 
the  much  less  erratic  behaviour  of  the  curve  of 
the  system  value.  So  the  12  cm-clamp  has  proven  to 
be  the  optimal  mounting  material. 

LX  37,  longitudinal  attenuation  0  dB 
/  2  dipole,  transmitted  power  16  dBm 
tunnel  measurement,  7S0  m  leaky  cable  length 


Coupling  loss 


Fig.  6.5  a  Coupling  Loss  at  6,5  cm  Mounting 
Distance 


7.  Conclusion 

Experiences  with  radiating  coaxial  cables  for  use 
in  tunnel  radio  systems  have  shown  that  because  of 
the  broad-band  characterictics  and  little  need  of 
mounting  space  there  are  many  advantages  compared 
with  single  directional  antennas.  Important  is 
also  the  possibility  of  operation  in  the  900  MHz 
frequency  band  in  the  future.  So  the  application 
of  radiating  coaxial  cables  for  all  the  often  used 
frequency  bands  for  mobile  communication  in 
tunnels,  buildings  and  valleys  is  the  most 
promising  method  to  meet  the  requirements  of 
modern  communication  systems. 


IK  37,  longitudinal  attenuation  0  dB 
/  2  dipole,  transmitted  power  16  dBm 
tunnel  measurement,  750  m  leaky  cable  length 
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Coupling  loss 

Fig.  6.5  b  Coupling  Loos  at  12  cm  Mounting 
Distance 
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Abstract 

The  low  dielectric  constant  in  the 

ultra  thin  insulation  layer  for  miniature 
coaxial  cables  was  perfomed  utilizing  the 
newly  developed  insulation  technology, 
the  novel  insulation  method  using 

UV-curable  resin  containing  heat 

expansive  microspheres  was  developed. 

In  the  thin  insulation  layer  of 
0.07mm  thickness,  the  low  dielectric 
constant  about  l.S  was  achieved.  the 
muniature  coaxial  cable  with  198 
conductors  was  realized  with  small 

diameter  of  7.9mm  and  low  capacitance  of 
85pF/m. 

The  other  application  of  the  new 
insulation  method  for  high  speed  data 
transmission  cable  was  also  successfully 
conducted .The  velocity  of  the  propagation 
delay  of  88.6%  speed  of  light  and 
dielectric  constant  of  1.27  in  the 
0.175mm  thickness  insulation  layer  was 
performed. 

1.  Introduction 

Recently,  multi  coaxial  cables  with 
more  than  100  conductors  and  small 

diameter  less  than  10mm  are  strongly 
required  for  the  application  to  medical 
instruments  such  as  ultrasonic  diagnostic 
equipments.  And  high  speed  coaxial 
cables  with  the  velocity  of  propagation 
delay  time  (Td)  less  than  3.78  nsec/m 
(88%  speed  of  light)  are  also  expected  to 
be  developed. 

!h  order  to  realize  the  above 
requirements,  the  coaxial  cable  with  a 
thin  insulating  layer  and  a  low 
dielectric  constant  is  essential. 


As  the  conventional  methods  for 
making  the  thin  insulating  layer  with  a 
low  dielectric  constant,  the  spiral 
wrapping  method  using  the  expended 
polytetraf luoroethylehe  (PTFE)  Cl]  tape 
over  conductor  and  the  forming  extrusion 
method  of  thermoplastics  such  as  a 
polyethylene  and  a  polyf luoroalchoxy- 
elhylehe  (PFA)  are  well  known  [2], [3].. 
However,  the  ultra-thin  insulation  layer 
less  than  0.1mm  with  a  low  dielectric 
constant  has  not  been  performed  by  those 
conventional  methods. 

This  paper  describes  a  newly 
developed  thin  insulation  coating  method 
with  a  low  dielectric  constant  utilizing, 
UV-curable  resin  composition  containl'hg 
heat  expansive  microspheres  as  well  as 
properties  of  the  produced  coaxial 
cables . 


2.  Insulation  material  and  coating 
process 

The  newly  developed  insulation  layer 
consisted  of  the  UV-curable  resin 
composition  containing  heat  expanded 
microspheres.  The  mean  diameter  of  the 
expanded  microspheres  was  about  40jtm,. 
and  the  shell  thickness  was  below  Oil/im. 
The  dielectric  constant  and  tan  8  value 
of  the  UV-curable  acrylate  were  about  2.9 
and  1.8  X  10"®  (@lMHz,  23  t  ) , 
respect i vcly. 
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The  heat  expansive  microspheres 
consisted  of  the  shell  of  poly 
(vinyl i dene  chloridc-acryloni tri le) 
copolymer  and  iso-butane  enclosed  inside 
of  the  shell. The  expansive  microspheres 
had  the  mean  diameter  about  10^m.  The 
microspheres  had  the  volume  expansion 
ability  about  50  times  by  the  appropriate 
heat  treatment  around  100 °C  to  150  12. 

The  UV  curable  resin  composite 
containing  the  heat  expensive 
microspheres  was  coated  onto  a  conductor. 
The  thin  insulation  layer  with 
independent  cells  was  produced  by  the 
controled  heat  treatment  and  UV- 
radiation.  High  porosity  more  than  745* 
to  90  %  was  achieved. 


3.  Application,  for  multi-coaxial  cables 
3.1  Mul t i -coaxi al  wires 

Two  types  of  the  coaxial  wire  with 
different  porosity  and  thickness  of  the 
insulation  layer  were  prepared  to 
evaluate  the  electrical  properties. 
Fig. 1  shows  the  cross  sectional  structure 
of  the  coaxial  wire  . 

The  stranded  seven  copper  wires 
(AWG40)  was  used  as  the  center  conductor. 
The  insulated  stranded  wire  with 
expanded  microspheres  was  wrapped  by 
polyester  tape  as  the  covering 
insulation.  The  details  of  the  cable 
stractures  and  the  electrical  properties 
of  the  two  types  of  the  cables  are  shown 
in  Table  1  and  Table  2. 


In  the  type  A  coaxial  wire,  the 
ultra  thin  insulation  layer  of  0.07mm 
thickness  was  achieved  with  a  low 
dielectric  constant  value  of  1.53.  In 
consequence,  a  miniature  coaxial  wire 
with  small  diameter  of  0.34mm  and  low 
capacitance  of  85pF/m  was  realized.  In 
type  B,  the  lower  dielectric  constant 
value  of  1.3  in  the  inner  insulating 
layer  of  0.13mm  thickness  was  achieved, 
and  the  lower  capacitance  of  50pF/m  was 
performed  in  the  coaxial  wire  with 
diamter  of  0.47mm. 


In  order  to  evaluate-  the  durability 
of  the  new  insulation  layer,  the 
stability  of  the  capacitance  of  the 
coaxial  wire  Was  investigated  nuder  the 
various  environmental  conditions  such  as 
high  temperature  aging  at  80  °C,  high 
humidity  condition  of  60  °C  95%RH  and 
temperature  cycles  from  -40  °C  to  60  °C. 
The  changes  of  the  capacitance  under  the 
three  conditions  for  lOOdays  were  only 
less  than  ±1%  of  the  initial  value.  No 
change  of  the  capacitance  was  also 
confirmed  after  vacuum  treatment  of 
lOOmmHg  at  65  X,  for  2days. 

3.2  Properties  of  the  multicoaxial  cable 

The  multi  coaxial  cable  with  198 
coaxial  wires  was  manufactured  using  the 
coaxial  wires  of  Type  A.  The  multi 
coaxial  cable  consisted  of  12  stranded 
units  of  16  coaxial  wires  and  3  units  of 
2  coaxial  wires,  as  shown  in  Fig. 2.  The 
miniature  multicoaxial  cable  with  small 
diameter  of  7.9mm  was  realized.  The 
change  of  capacitance  during  the 
manufacturing  processes  of  the  cable  was 
only  less  than  ±5pF/m.  Table  3  shows 
the  electrical  properties  of  the 
minuature  multi  coaxial  cable. 

The  resistance  to  repetKious 
bending  tortion  of  the  cable  was  also 
evaluated  at  1KVDC.  Fig. 3  and  Fig. 4  show 
the  method  for  bending  and  tortion  test, 
respectively.  A  dielectric  breakdown  or 
a  snapping  of  a  conductor  were  not 
obserbed  during  300,000  cycles. 


4.  Application  for  high  speed  coaxial 
cables 

4.1  High  speed  coaxial  cable 

Two  types  of  coaxial  wires  cables 

with  different  thickness  of  the 

insulation  layer  were  prepared.  The 

porosity  of  the  insulation  layer  was 

about  90£  for  both  cables.  Fig. 5  and 
Table  4  show  the  costruction  of  the 
coaxial  cable.  The  silver  plated  copper 
wire  ( AWG33 ,  1/O.18mm0)  was  used  as  the 
conductor.  The  insulated  conductor  with 
the  microcells  was  wrapped  by  polyester 
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tape  and  the  shielding  of  copper 
al.uminin2ed  polyester  tape  was  applied 
on  the  polyester  tape. 

The  coaxial  cables  of  square  shcoe 
with  a  drain  wije  (AWG30  l/0.254mm^) 
were  produced  by  extrusion  of  PVC. 

4.2  Electrical  properties 

Table  5  shows  electrical  properties 
of  two  types  of  the  high  speed  coaxial 
cables.  Low  impedance  was  achieved  for 
both  coaxial  cables  as  shown  in  table  5; 

The  velocity  of  the  propagation 
delay  was  88.62  speed  of  light  in  type 
X.  The  effective  dielectric  constant 
value  of  1.27  in  the  insulation  thickness 
of  0.175mm  was  calculated  from  the 
velocity  of  the  propagation  delay  time  of 
3.76  nsec/m.  Fig. 6  to  Fig  8  show  the 
characteristic  impedance,  attenuation  and 
velocity  of  propagation  against  the 
change  of  frequency  for  type  X  coaxial 
cable,  respectively. 


5.  Conclusion 

The  low  dielectric  constant  in  the 
ultra  thin  insulation  layer  for  miniature 
coaxial  cables  was  perfomed  utilizing  the 
newly  developed  insulation  technology. 
The  novel  insulation  method  using  the 
UV-curable  resin  containing  the  heat 
expansive  microspheres  was  demonstrated. 
The  low  dielectric  constant  about  1.5  was 
achieved  in  the  ultra  thin  insulation 
layer  of  0.07mm.  It  contributed  to 
realize  the  miniature  multi-coaxial  cable 
of  7.9mm  diameter  with  198  conductors. 
And  the  low  capacitance  of  85pF/m  was 
performed  in  the  multi-coaxial  cable  for 
medical  application. 

The  developed  coaxial  wires  and 
cables  had  good  stability  under  the 
voriaus  environmental  conditions. 

The  coaxial  cable  with  high  velocity 
of  propergation  of  88. 62  speed  of  light 
was  also  realized  with  0.175mm  thickness 
insulation  layer. 


The  novel  insulation  technology 
utilizing  the  UV-curable  resin  with  the 
expansive  microspheres  will  contribute  to 
the  progress  of  high  speed  data 
transmission  and-  highly  efficient 
measuring  instruments  for  medical 
appl ication. 


6.  References 

Cl]  "Expanded  PTFE  Cables"  edited  from 
publications  of  G.  Hansell  and  D. 
Slothour  and  printed  for  a  meeting 
of  the  Boston  Chapter,  May  1979. 

C2]  F. Suzuki  and  A. Mori  et  al . , 

"Microcoaxial  Cable  Insulated  with 
Highly  Expanded  Polyethylene  by 
Chemical  Blowing  Method"  in  Proc. 
27th  International  Wire  and  Cable 
Symposium,  1978. 

[3]  F. Suzuki,  T.Komura  and  A. Mori,  "High 
Speed  Coaxial  Cable  Insulation  with 
Highly  Expanded  Irradiated 
Polyolefin"  in  Proc.  34th 
International  Wire  and  Cable 
Symposium,  pp. 300-307, 1984. 


82  International  Wire  &  Cable  Symposium  Proceedings  1990 


Center  Conductors  trended) 


Jacket 

Shield 

Outer  Insulation 

Inner  Insulation 


Fig. 1  Cross  sectional  structure  of  a  coaxial  wire 


Table  1  Construction  of  miniature  coaxial  wires 

Uni t [mm] 


Type 

I  tern  - 

A 

B 

Conductor 

Material 

Tinned  copper  alloy  wire 

Composi tion 

7/0 . 03 ( AWG40) 

Outer  Diameter 

0.09 

Inner 

Insulation 

Material 

UV  cured  acrylate  resin 
with  expanded  microspheres 

Thickness 

0.07 

0.13 

Poros 1 ty  («) 

74 

86 

Outer 

Insulation 

Material 

Polyester  tape(wrapping) 

Outer  Diameter 

0.25 

0.37 

Shield 

Material 

Tinned  high  strength 
copper  wire 

Composi 1 1  on 

Spiral  shield  of  0.03 

J  aeke  t 

Material 

Polyester  tape(wrapping) 

Outer  Diameter 

0.34 

0.47 
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Conductor 
Inner  Insulation 
Outer  Insulation 
Shield 

Drain  Vlre 
Jacket 


Fig. 5  Cross  section  of  a  high  speed 
coaxial  cable 


Table  4 


Construction  of  high  speed  miniature 
coaxial  cables 

Uni tCmm] 


Type 

I  tem  "" 

X 

V 

Conductor 

Material 

Silver  plated  copper  alloy 

Compos  1 tlon 

1/0. 18CAWG33) 

Outer  Diameter 

0.18 

Inner 

1 nsul at  1  on 

Material 

UV  cured  acrylate  resin 
with  expanded  microspheres 

Thickness 

0.176 

0.11 

Outer 

Insulation 

Material 

Polyester  tapefwrappl ng) 

Outer  Diameter 

0.536 

0.430 

Shield 

Material 

Copper  coated  aluminized 
polyester  tape 

Thickness 

0.016 

Drain  Wire 

Material 

Silver  plated  copper  wire 

Compos  1 tlon 

1/0.264(AWC30> 

Jacket 

Material 

PVC 

Thickness 

0.22 

0.26 

SI  ze 

to 

X 

o 

Table  5  Electrical  properties  o£  high  speed 
miniature  coaxial  cables 


— ^_____Type 

1  tem  '  — " — 

X 

Y 

Characteristic 

Impedance  (  ft  )  @10MHz 

64.5 

53.6 

Attenuation  CdB/km) 

0100MHz 

550 

680 

Velocity  of  Propagation  <50 

Td (nsec/m) 

88.6 

3.76 

86.5 

3.85 

Effective  Dielectric 

Constant  £  »rr 

1.27 

1.34 

Capaci tance(pF/m) 

@lkilz 

61.1 

75.9 
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Frequency(MHz) 
Fig. 6 


Frequency(MHz) 


Fig. 7 


Frequency(MHz) 
Fig. 8 
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ABSTRACT 

Light  weight  semirigid  coaxial  cables  and  insulated 
power  cables  are  developed.  The  cables  are  designed  to  re¬ 
duce  the  lift-off  costs  of  communication  satellites  through  a 
reduced  wire  harness  weight.  For  this  purpose,  a  new  clad 
aluminum  alloy  pipe  is  invented  to  replace  the  copper  outer 
conductor  of  a  semirigid  coaxial  cable.  This  pipe  has  a  sil¬ 
ver  inner  layer  and  a  copper  outer  layer  and  is  produced  by 
the  warm  hydrostatic  extrusion  method.  The  light  weight 
insulated  power  cable  is  created  through  the  concept  that 
aluminum  is  a  more  effective  conductor  than  copper  of  the 
same  weight.  A  silver  clad  aluminum  wire  is  newly  developed 
to  replace  the  nickel  plated  copper  wire  used  for  the  cable’s 
conductors  and  braid  shield.  This  clad  aluminum  wire  has  a 
copper  middle  layer  to  suppress  detrimental  diffusion  of  alu¬ 
minum  into  the  silver.  The  light  weight  cables  are  attached 
to  connectors  and  tested.  It  is  confirmed  that  the  electrical 
characteristics  are  equal  to  those  of  conventional  cables,  and 
that  the  mechanical  properties  and  reliability  are  sufficient 
for  them  to  be  used  as  a  satellite  wire  harness.  The  develop¬ 
ment  of  these  cables  could  result  in  a  one-third  reduction  in 
weight  thereby  making  them  efficient  for  use  in  satellites. 


1.  INTRODUCTION 

Recently,  there  has  been  a  move  to  increase  the  number 
of  transponders  in  telecommunication  satellites  due  to  the 
increasing  amount  of  calls*'5.  However,  satellite  lift-off  costs 
are  significant*25;  therefore,  it  is  very  important  to  make  the 
equipment  as  light  as  possible. 

In  a  two-ton  class  communication  satellite  about  100  kg 
of  wire  harness  is  used;  consequently,  reducing  the  weight  of 
the  wire  harness  can  result  in  significant  savings.  Up  to  now, 
no  one  has  succeeded  in  reducing  the  cable  weight,  thus  the 
same  heavy  cables  that  are  used  on  eaith  have  been  adopted 
by  communication  satellites.  Therefore,  the  authors  decided 
to  develop  light  weight  cables  suitable  for  communication 
satellites,  and  chose  semirigid  coaxial  cables  and  insulated 
power  cables  as  targets  because  they  are  widely  used  for  wire 
hr  messes  of  communication  satellites. 

The  outer  conductor  of  semirigid  coaxial  cables  has  been 
primarily  made  of  copper  for  its  good  elect  viral  and  mechani¬ 
cal  properties.  This  outer  conductor  occupies  a  large  amount 
of  the  cable  weight,  so  reducing  the  weight  of  this  part  is 
effective  in  reducing  the  cable  weight.  Aluminum  outer  con¬ 
ductor  cables  have  been  developed  due  to  their  light  weight, 
but  they  do  not  have  adequate  electrical  characteristics  for 
communication  satellites.  Therefore,  the  authors  moved  on 


and  noticed  that  the  outer  conductor  of  a  semirigid  coaxial 
cable  is  made  of  a  thick  wall  pipe,  even  though  electrical 
signals  only  flow  through  a  very  thin  inner  layer  (the  skin 
depth  is  only  0.002  mm).  Based  on  this  point  of  view,  the 
development  of  a  silver  inner  clad  aluminum  pipe  was  agreed 
upon  to  replace  copper  as  the  outer  conductor. 

As  a  spin-off,  the  authors  noticed  that  an  aluminum 
conductor  allows  a  greater  electric  current  than  a  copper 
conductor  of  the  same  weight,  However,  the  technology  to 
produce  a  silver  coated  aluminum  wire  was  not  developed. 
Therefore,  the  development  of  a  silver  clad  aluminum  wire 
was  started  for  application  to  an  insulated  power  cable  for 
communication  satellites. 

2.  CABLE  DESIGN 

2.1  Semirigid  Coaxial  Cable 

In  this  development,  a  3.6  mnw  (0.141  inch)  semirigid 
coaxial  cable  was  investigated  considering  its  generality.  In 
a  copper  cable  of  this  size  the  outer  conductor  occupies  59 
%  the  weight  of  the  entire  cable. 

Fig.  1  shows  a  construction  of  an  experimental  light 
weight  semirigid  coaxial  cable.  The  outer  conductor  is  a 
newly  developed  pipe  which  has  three  layers:  a  silver  in¬ 
ner  layer  for  excellent  electrical  characteristics,  an  aluminum 
middle  layer  for  strength  and  a  coppei  outer  layer  for  good 
solderability  to  mount  connecters.  The  inner  conductor  and 
insulator  are  same  as  those  of  a  conventional  cable.  The  cal¬ 
culated  weight  of  this  cable  is  28  g/m,  which  is  about  less 
than  40  %  that  of  a  conventional  cable  of  47  g/m  weight. 
Fig.  2  shows  a  photograph  of  a  cable. 

2.2  Insulated  Power  Cable 

In  this  development,  a  cable  similar  to  the  AWG  #28 
four-conductor  cable  was  investigated. 

Fig.  3  shows  a  construction  of  an  experimental  light 
weight  insulated  power  cable.  A  new  clad  aluminum  wire 
was  developed  to  replace  the  conventional  nickel  plated  cop¬ 
per  wire  that  is  used  for  conductors  and  braid  shield.  This 
new  wire  consists  of  three  part:  an  aluminum  core  for  effi¬ 
cient  electrical  conduction,  a  silver  outer  layer  for  good  sol¬ 
derability  and  a  copper  layer  between  them.  The  copper 
layer  is  inserted  to  suppress  aluminum  diffusion  into  silver 
during  the  production  process.  The  designs  of  the  conductor 
strand  and  braid  shield  are  same  as  those  of  the  conven¬ 
tional  cable,  but  the  diameters  of  the  aluminum  clad  wire 
arc  larger  than  those  of  a  copper  cable  due  to  electrical  con- 
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ductivity  compensation.  A  conductor  wire  diameter  is  0.24 
mm  corresponding  to  0.20  mm  of  the  copper  conductor  wire. 
A  shield  wire  diameter  of  0.15  mm  was  determined  from  the 
restriction  in  braid  production. 

Materials  of  the  outer  jacket  and  sheath  were  selected 
taking  reliability  in  space,  heat  and  radiation  resistance,  into 
account.  The  calculated  weight  of  this  cable  is  29  g/m,  which 
is  less  than  30  %  that  of  a  conventional  cable  of  41  g/m 
weight.  Fig.  4  shows  a  photograph  of  a  cable. 


Outer  Conductor 

copper  (15/im  thick) 
5052  aluminum  alloy 
silver  ( 1 5ju  m  thick) 

Insulator 

solid  dielectric  core 


Inner  Conductor 


silver-coated  copper-clad 
steel  wire  10 0.92mm) 


1  Outer  Jacket  (FEP/Polyimide/FEP) 

2  Silver  Clad  Aluminum  Braid  Shield 

(00. 15mm,  6  X  16) 

3  Sheath  (FEP/Polyimide/FEP) 

4  Silver  Clad  Aluminum  Conductor 

(00.24mm,  19) 


Figure  1  Cross  section  of  the  light  weight 
semirigid  coaxial  cable 


Figure  3  .  Cross  section  of  the  light 
weight  insulated  power  cable. 


Figure  2  Photograph  of  the  light  weight 
semirigid  coaxial  cable 


Figure  4  Photograph  of  the  light  weight 
insulated  power  cable 
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3.  MANUFACTURING  PROCESS 
3.1  Semirigid  Coaxial  Cable 

It  is  necessary  to  create  a  Cu/Al/Ag  three  layered  com¬ 
plex  pipe  to  obtain  the  light  weight  cable.  Plating  is  one 
method  to  produce  a  multi  layer  pipe,  but  the  silver  plating 
technique  over  aluminum  is  not  an  established  method  and 
uniform  tight  inner  plating  for  a  long  thin  pipe  is  quite  dif¬ 
ficult.  Moreover,  neither  the  direct  extrusion  nor  the  draw¬ 
ing  method  is  available  for  such  a  complex  pipe.  Therefore, 
warm  hydrostatic  extrusion  was  considered  as  the  only  pos¬ 
sible  method  to  obtain  a  sound  three  layer  clad  pipe*3*. 

Concerning  the  Cu/Al/Ag  clad  pipe,  the  inner  silver 
layer  and  the  outer  copper  layer  must  be  clad  as  thinly  as 
possible  from  the  standpoint  of  weight  reduction.  In  addi¬ 
tion,  each  layer  must  have  uniform  thickness  and  all  layers 
must  combine  together  tightly  to  obtain  good  characteris¬ 
tics.  For  production  of  this  pipe  type  with  these  severe  re¬ 
quirements,  billet  conditions  (shape  and  size),  machine  con¬ 
ditions  (mandrel  and  die)  and  process  conditions*4*  (oper¬ 
ation  temperature  and  lubricant)  must  be  carefully  consid¬ 
ered.  Therefore,  trial  productions  were  carried  out  to  find  the 
appropriate  conditions.  The  authors  succeeded  in  determin¬ 
ing  the  manufacturing  conditions  for  a  sufficient  Cu/Al/Ag 
clad  pipe.  For  this  pipe,  5052  aluminum  alloy  was  employed 
as  the  middle  layer  to  ensure  even  deformability  to  the  other 
two  layers. 

The  extruded  Cu/Al/Ag  clad  pipe  was  drawn  and  an¬ 
nealed  before  a  sinking  process.  The  annealed  pipe  was  in¬ 
serted  the  inner  part  and  sunken  to  complete  the  light  weight 
semirigid  coaxial  cable.  Fig.  5  shows  the  manufacturing  pro¬ 
cedure  for  the  cable. 


Figure  5  Manufacturing  process  for  the 
light  weight  semirigid  coaxial 
cable 


3.2  Insulated  Power  Cable 

The  warm  hydrostatic  method  was  also  employed  to 
produce  the  clad  wire  for  conductors  and  shield  braid. 

At  first,  an  attempt  was  made  to  develop  a  silver  clad 
aluminum  wire,  but  it  was  found  that  aluminum  diffuses 
into  silver  by  heating  during  the  sheathing  process.  Al-Ag 
compound  formation  caused  by  aluminum  diffusion  is  known 
to  be  detrimental  to  the  adherence  and  electrical  properties 
of  a  silver  layer.  It  is  difficult  to  prevent  aluminum  diffu¬ 
sion  because  of  the  large  diffusion  coefficient  of  aluminum  in 
silver*5*;  therefore,  the  copper  middle  layer  was  introduced 
as  a  barrier. 

Fig.  6  shows  a  relation  between  heating  temperature 
and  compound  layer  thickness.  In  the  Ag/Cu/Al  wire,  Cu- 
Al  compound  is  formed  slightly  but  no  Ag-Cu  compound 
appears.  On  the  other  hand,  an  Ag-Al  compound  thick  layer 
is  formed  in  the  Ag/Al  wire.  It  is  obvious  that  the  copper 
middle  layer  is  quite  effective  to  suppress  aluminum  diffusion 
into  silver. 


Figure  6  Temperature  effect  on  the 
Compound  layer  thickness 

The  extruded  wire  rod  is  cold  drawn  to  obtain  an 
Ag/Cu/Al  clad  wire.  Fig.  7  shows  a  manufacturing 
procedure  for  the  clad  wire.  The  clad  wire  is  stranded, 
wrapped  with  FEP/Polyimidc/FEP  three  layer  film  and 
heated  to  make  a  sheathed  conductor.  Four  conductors 
are  combined,  shielded  with  clad  wire  braid,  wrapped  with 
FEP/Polyimide/FEP  film  and  heated  to  complete  the  light 
weight  insulated  power  cable. 
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Figure  7  Manufacturing  process  for  silver 
and  copper  clad  aluminum  wire. 


4.  RESULT  AND  DISCUSSION 
4.1  Experimental  Method 

It  is  impossible  to  repair  communication  satellites; 
therefore,  extremely  high  reliability  is  required  of  their  parts. 
Furthermore,  communication  satellites  are  influenced  by  par¬ 
ticular  effects,  e.g.,  vibrations  during  lift-off  and  heat  shocks 
caused  by  eclipses  on  static  orbit.  Therefore,  reliability  was 
examined  by  comparing  the  values  before  and  after  tests  sim¬ 
ulating  a  satellite’s  entire  life  time.  Fig.  8  and  Fig.  9  show 
conditions  of  vibration  and  heat  shock  tests,  respectively. 


Figure  8  Condition  for  vibration  test  for  evaluating 
the  effect  of  satellite  lift-off 

(random  wave  vibration  test) 


Figure  9  Schematic  view  of  heat  shock  test 
for  evaluating  the  effect  of  Satellite 
exposure  in  space 


4.2  Semirigid  Coaxial  Cable 

4.2.1  Electrical  Charnr.toristics 

Characteristic  impedance,  measured  as  51  f2,  agrees 
with  the  designed  range.  Attenuation  and  V.S.W.R.  were 
measured  after  the  simulation  tests,  and  compared  with  ini¬ 
tial  values.  The  specimen  was  a  cable  1  m  long,  on  which 
there  were  attached  connecters  on  both  ends.  It  is  shown  in 
Fig.  10. 


Figure  10  Photograph  of  a  semirigid  coaxial 
cable  specimen  for  vibration  and 
heat  shock  tests 
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As  shown  in  Table  1,  the  absolute  electrical  characteris¬ 
tics  of  the  Cu/Al/Ag  cable  were  recognized  to  be  of  the  same 
level  as  the  copper  cable  both  before  and  after  the  simulation 
tests.  The  connecting  stability  was  judged  to  be  sufficient, 
because  the  characteristic  changes  in  the  Cu/Al/Ag  cable 
during  the  simulation  tests  were  same  as  those  in  the  copper 
cable. 

4.2.2  Connecter  Attaching  Strength 

Table  2  shows  joining  strength  of  the  light  weight  cable 
(Cu/Al/Ag  cable)  and  SMA  connecter.  The  results  in  the 
table  are  compared  with  results  from  a  conventional  copper 
cable  and  a  light  weight  cable  with  no  copper  outer  layer 
(Al/Ag  cable). 


The  Cu/Al/Ag  cable  has  good  solderability  due  to  its 
copper  surface,  and  its  joining  strength  is  stable  and  equal  to 
that  of  the  copper  cable.  By  contrast,  the  Al/Ag  cable  has 
difficulties  in  soldering  because  of  its  aluminum  surface,  so 
the  joining  strength  is  not  sufficient.  Moreover,  a  long  time 
is  required  to  solder  connecters.  Consequently,  heat  effect  to 
the  insulator  is  not  negligible. 

Corrosion  resistance  of  the  Cu/Al/Ag  cable  is  equal  to 
that  of  the  copper  cable.  The  creep  deformation  of  soldering 
part  caused  by  cable’s  dead  weight  is  smaller  than  that  of 
the  copper  cable  because  of  the  light  weight. 


Table  I  Electrical  characteristics  changes  of  semirigid 
coaxial  cables  during  simulation  test 

with  connecters  on  both  sides  n=3 


Item 

Cable 

Attenuation  (dB) 

V.S.W.R. 

Characteristic 

impedance 

IGHz 

6GHz 

10GHz 

IGHz 

6GHz 

10GHz 

Cu/Al/Ag 

Initial  value 

B 

1.07 

1.47 

1.02 

1.12 

1.24 

51.0 

Alter  simulation 
test  value 

1.35 

1.74 

B 

b 

1.13 

— 

Cu 

Initial  value 

B 

1.43 

1.03 

1.08 

1.23 

51.7 

After  simulation 
test  value 

0. 69 

1.35 

1.73 

E 

B 

— 

Table  2  Connecter  joining  strength  of  semirigid  coaxial  cables 


n  =  5  unit  :  kgf 


Cable 

Cu/Al/Ag  clad 
cable 

Al/Ag  clad  cable 

Cu 

cable 

Item 

Average 

Standard 

deviation 

Average 

Standard 

deviation 

Average 

Standard 

deviation 

Initial  value 

79.5 

0.48 

69.2 

1 .94 

85.7 

0.91 

After  vibration  test  value 

79.0 

0.63 

68.6 

! .  15 

86.4 

0.63 

After  heat  shock  test  value 

80.6 

1.07 

70. 1 

1.84 

85.6 

1.18 
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4.2.3  Bending  Characteristics 

Semirigid  coaxial  cables  are  used  after  bending  to  suit 
the  equipment  arrangements;  therefore,  the  bending  radius 
limitation  must  be  examined.  The  bending  characteristics 
were  estimated  by  appearance  and  V.S.YV.R.,  which  is  the 
most  sensitive  against  excessive  bend.  Table  3  shows  the 
results  of  a  Cu/Al/Ag  cable  bent  180  degrees  around  a  12~40 
n  m  diameter  (6~20  mm  radius)  mandrel.  The  results  are 
:ompared  with  those  of  the  copper  cable.  The  examination 
results  indicate  that  the  Cu/Al/Ag  cable  can  be  bent  over  a 
15  mm  radius.  Cables  of  this  size  are  usually  handled  over  a 
18  mm  (5  times  the  cable  diameter)  radius;  as  a  result,  the 
Cu/Al/Ag  cable  can  be  used  as  a  wire  harness. 


4.3  Insulated  Power  Cable 

4.3  ■  'octricnl  Clmrnctorist.ios 

The  electrical  resistance,  measured  as  30  mfi/m,  agrees 
with  the  planned  value.  Surface  transfer  impedance  was 
measured  to  be  at  the  same  level  as  that  of  the  conventional 
cables,  therefore,  the  shield  effect  of  this  cable  was  judged  to 
be  sufficient. 

Contact  resistance  between  the  conductor  and  connecter 
was  examined  before  and  after  the  simulation  tests  to  esti¬ 
mate  the  connecter  attaching  reliability.  A  110  mm  long 
conductor  was  attached  to  a  pin  contact  or  a  socket  contact 
of  a  D-Sub  connecter  by  crimping,  and  the  electrical  resis¬ 
tance  was  measured. 

As  shown  in  Table  4,  the  values  changed  during  neither 
the  vibration  test  nor  the  heat  shock  test.  This  indicates 
that  the  contact  resistance  between  the  conductor  and  the 
connecter  is  recognized  to  be  stable. 


Table  3  Minimum  bending  radius  of  semirigid  coaxial  cables 


Degrees  of  deterioration  ®  Nil  O  Little  x  Much 


Table  4  Connecter  contact  resistance  of  siiver  and 
copper  clad  aluminum  conductor 

n  =  5 


Contact 

Item 

Resistance(m  Q  /1 1  Omm) 

type 

Average 

Standard  deviation 

Before 

2.81 

0.1 1 

Pin 

viorauon  lest 

After 

2.82 

0.10 

contact 

Heat  shock  test 

Before 

2.82 

0.04 

After 

2.82 

0.03 

Vibration  test 

Before 

2.75 

0.08 

Socket 

After 

2.75 

0.06 

contact 

Heat  shock  tdst 

Before 

2.79 

0.06 

After 

2.79 

0.06 
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Table  5  Connecter  joining  strength  of  silver  and 
copper  clad  aluminum  couductor 

n  =  5 


Contact 

type 

Item 

Connecter  joining  strength  (kgf) 

Average 

Standerd  deviation 

Pin 

contact 

Initial  value 

9.9 

0.74 

After  vibration  test  value 

10. 1 

0.37 

After  heat  shock  test  value 

9.8 

0.46 

Socket 

contact 

Initial  value 

9.1 

0.35 

After  vibration  test  value 

8.9 

0.30 

After  heat  shock  test  value 

9.2 

0.64 

4.3.2  Connecter  Attaching  Strength 

Attaching  strength  between  the  conductor  and  the  con¬ 
necter  was  also  measured  before  and  after  the  simulation 
tests.  The  sheathed  conductor  was  attached  to  a  contact  by 
crimping  and  then  examined. 

As  shown  in  Table  5,  the  attaching  strength  did  not 
change  during  each  simulation  test.  This  indicates  that  the 
attaching  stability  is  recognized  to  be  good. 

4.3.3  Bending  Test  of  Connecter  Attached  Part 

Durability  against  repeated  bending  was  examined  to 
estimate  the  reliability  of  the  connecter  attached  part  of  the 
conductor.  The  insulated  conductor  attached  to  the  pin  con¬ 
tact  was  repeatedly  bent  right  and  left  at  the  attached  part. 
The  conditions  were:  that  bending  radius  of  1  mm  and  bend¬ 
ing  angles  of  90  degrees. 

The  time  that  it  took  to  fracture  was  measured  before 
and  after  the  simulation  tests,  and  recognized  to  be  stable. 


5.  CONCLUSIONS 

Light  weight  cables  for  communication  satellites  were 
newly  developed.  These  cables  employed  a  new  construction 
design  and  utilized  a  warm  hydrostatic  extrusion  method 
for  manufacturing.  Their  features  and  characteristics  are  as 
follows. 

Light  Weight  Semirigid  Coaxial  Cable 

(1)  A  light  weight  3.6  mmp  semirigid  coaxial  cable  has 
been  created  through  the  development  of  a  silver  and  copper 


clad  aluminum  alloy  pipe  as  an  outer  conductor.  The  silver 
inner  layer  is  quite  efficient  because  of  its  electrical  prop¬ 
erties  and  the  copper  outer  layer  is  effective  because  of  its 
solderability. 

(2)  The  new  cable  is  equal  to  a  copper  cable  with  regard 
to  characteristic  impedance,  return  loss,  and  the  connection 
strength  between  the  cable  and  a  connector. 

(3)  The  new  cable’s  reliability  was  determined  to  be 
sufficient  for  use  as  a  satellite  wire  harness  from  test  results 
involving  vibration  and  heat  shock,  which  simulate  satellite 
lift-off  and  exposure  in  space,  respectively. 

(4)  The  cable  weight  is  28  g/m,  which  is  about  60  % 
that  of  a  conventional  copper  outer  conductor  cable. 

Light  Weight  Insulated  Power  Cable 

(1)  A  light  weight  shielded  and  insulated  power  cable 
has  been  created  by  using  a  newly  developed  silver  clad  alu¬ 
minum  wire.  The  copper  middle  layer  between  the  silver 
surface  layer  and  the  aluminum  core  is  effective  to  suppress 
detrimental  aluminum  diffusion  into  the  silver  layer. 

(2)  The  new  cable  is  equal  to  copper  cables  with  regard 
to  electric  resistance. 

(3)  Contact  resistance  at  the  connection  between  the 
conductor  and  a  crimped  connector  remained  unchanged 
during  vibration  and  heat  shock  tests. 

(4)  The  cable  weight  is  only  two-thirds  that  of  a  normal 
copper  outer  conductor  cable  for  satellites. 

These  lig.it  weight  cables  are  effective  for  reducing  the 
weight  of  equipment  in  not  only  communication  satellites  but 
also  other  spacecraft  and  aircraft. 
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For  a  technology  transfer  to  be  successful, 
the  following  key  elements  must  be  considered: 


I.  ABSTRACT 

This  paper  summarizes  the  key  elements 
required  for  the  design,  construction,  equipping, 
start-up,  and  operation  of  a  telephone  cable 
manufacturing  facility  in  a  developing  country 
based  on  the  supply  of  technology  from  a  more 
advanced  country.  The  transfer  of  technology 
from  Essex  Group,  Inc.  of  the  United  States  to 
the  Posts  and  Telecommunications  Industry 
Corporation  of  the  People’s  Republic  of  China  is 
used  as  a  case  study  to  describe  a  systematic 
approach  for  accomplishing  each  key  element. 
While  the  paper  focuses  primarily  on  the 
technical  details  of  such  a  project, 
consideration  of  such  nontechnical  aspects  as 
cultural  and  philosophical  differences, 
governmental  policies  and  regulations,  commercial 
practices,  and  language  barriers  are  also 
discussed  and  methods  described  for  minimizing 
difficulties. 


II.  INTRODUCTION 

It  is  the  desire  of  many  third  world  and 
developing  countries  to  upgrade  and  expand  their 
industrial  infrastructure,  especially  In  the  area 
of  telecommunications.  Most  of  these  countries 
do  not  have  sufficient  cable  manufacturing 
capacity  to  meet  their  internal  demands  nor  the 
available  technology  and  expertise  to  raise  the 
quality  of  their  production  to  world  standards. 
In  such  cases,  they  must  rely  on  the  import  of 
cable.  This  is  undesirable  since  it  requires 
significant  expenditures  of  limited  foreign 
exchange.  In  order  to  increase  their  indigenous 
manufacturing  capacity  and,  at  the  same  time, 
upgrade  the  quality  standards  of  their  cable, 
many  of  these  countries  have  entered  into 
agreements,  e.g.,  technology  transfers  or 
licenses,  with  more  advanced  countries  for  the 
establishment  of  modern  cable  production 
facilities  within  their  borders. 


1.  Organization  and  Administration 

2.  Definition  of  Project  Scope 

3.  Civil  Works 

4.  Equipment  and  Processes 

5.  Raw  Materials 

6.  Training 

7.  Trial  Production 

8.  Production  Management 

9.  Quality 

10.  Technical  Exchange 

11.  Market  Support 

12.  Human  Factors 

All  of  these  elements  are  interrelated, 
and,  in  the  final  analysis,  no  one  factor  is  more 
important  than  the  others.  To  be  successful,  the 
Implementation  of  each  element  must  be  based  on 
an  atmosphere  of  confidence  and  mutual  trust  and 
a  spirit  of  cooperation  and  mutual  benefit.  In 
the  remainder  of  this  paper,  each  element  is 
broken  down  into  its  various  facets  and  the 
methodology  used  in  transferring  the  technology 
from  Essex  Group,  Inc.  to  the  China  National  Post 
and  Telecommunications  Industry  Corporation  is 
described. 


III.  BACKGROUND  0F_THE. PROJECT 

In  December,  1978,  at  the  request  of  the 
China  National  Posts  and  Telecommunications 
Industry  Corporation  (CNPTIC),  a  delegation  of 
technical  experts  from  the  Telecommunication 
Products  Division  of  Essex  Group,  Inc.  presented 
a  series  of  technical  seminars  on  PIC  telephone 
cable  to  approximately  sixty  of  their  Chinese 
counterparts  in  Beijing,  China.  The  topics 
covered  included  modern  cable  design  and 
performance  characteristics,  materials  of 
construction,  manufacturing  techniques,  equipment 
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design  and  installation  and  splicing  methods. 
From  this  initial  meeting,  further  technical 
exchanges  took  place  between  the  two  parties, 
with  Essex  personnel  visiting  Chinese 
manufacturing  facilities  and  Chinese  personnel 
visiting  the  plants  of  Essex.  These  technical 
interchanges  led  to  commercial  discussions  which 
ultimately  resulted  in  a  signing  of  a  Technology 
Transfer  Agreement  between  CNPTIC  and  Essex.  The 
Agreement,  which  became  effective  on  August  15, 
1982,  had  as  its  objective  the  construction  and 
initial  operation  of  a  modern  production  facility 
for  polyolefin  insulated  and  Integral  sheathed 
telephone  cables  at  the  Chengdu  Cable  Plant 
located  in  Chengdu,  Sichuan,  China  (hereafter 
referred  to  as  the  PROJECT).  The  new  facility 
was  to  have  an  annual  production  capability  of 
1.2  million  pair  -  km. 

The  Chengdu  Cable  Plant  (CDC)  is  one  of 
many  manufacturing  facilities  under  CNPli-'  which 
is  the  manufacturing  arm  of  The  Ministry  of  Posts 
and  Telecommunications  (MPT)  of  China.  Begun  in 
1958,  CDC  is  the  primary  plant  specializing  in 
telecommunications  cable.  The  relationship 
between  CDC,  CNPTIC,  and  MPT  is  similar  to  that 
existing  prior  to  divestiture  between  the  Atlanta 
Works,  Western  Electric,  and  AT&T.  Located  on  a 
site  of  approximately  300,000  square  meters  and 
employing  nearly  3,000  workers,  CDC’s  main 
products  in  1982  were  paper  insulated  and  lead 
sheathed  telephone  cable,  switchboard  cable, 
mining  cable,  radio  frequency  cable,  and  CATV 
cable. 


IV.  PROJECT  ORGANIZATION  AND  ADMINISTRATION 

It  is  critical  for  the  successful 
completion  of  such  a  project  that  a  formal 
project  team  be  established,  an  implementation 
plan  developed,  and  procedures  for  communication 
and  reporting  defined.  Approximately  one  week 
after  finalization  of  the  Agreement  between  the 
two  parties,  an  organizational  meeting,  lasting 
two  weeks,  was  held  at  the  Chengdu  Cable  Plant. 
At  this  meeting,  the  basic  project  plan  and 
implementation  procedures  were  developed.  While 
minor  modifications  were  subsequently  made  to 
reflect  the  actual  situations  as  the  PROJECT 
progressed,  the  discussions  made  at  this  meeting 
formed  the  basis  of  all  future  activities. 

In  anticipation  of  reaching  an  agreement, 
both  parties  had  formed  their  own  project  team. 
Each  team  consisted  of  an  overall  Project  Manager 
supported  by  various  areas  of  expertise.  The 
initial  team  from  Essex  was  comprised  of  the 
Director  of  Engineering  (the  Project  Manager)  and 
two  technical  experts,  one  in  equipment  and 
process  engineering,  and  one  in  plant  and 
facilities  engineering.  Similarly,  the  team  from 
CDC  consisted  of  the  Ch'ief  Engineer  (the  Project 
Manager)  and  personnel  from  process  and  equipment 
engineering  as  well  as  the  purchasing,  planning, 


and  administrative  functions.  While  the  members 
of  each  project  team  varied  depending  on  the 
current  phase  of  the  PROJECT,  both  Project 
Managers  remained  unchanged. 

At  this  initial  planning  meeting,  the 
members  of  each  project  team  were  brought 
together.  Also  in  attendance  were 
representatives  from  CNPTIC  and  the  China 
National  Machinery  Import  and  Export  Corporation 
(MACHIMPEX).  While  most  of  the  individuals  had 
already  met  one  another,  this  was  the  first  time 
that  the  entire  Project  Team  had  been  assembled 
at  one  time.  The  areas  of  responsibility  of  each 
team  member  and  the  limits  of  their  authority 
were  defined  and  reviewed  In  detail  so  that  each 
member  of  the  team  understood  their  individual 
role  and  that  of  the  other  members  comprising  the 
joint  Project  Team.  Specific  counterparts  from 
each  team  were  identified  and  their  functional 
areas  of  cooperation  defined.  MACHIMPEX  was 
Identified  as  the  organization  responsible  for 
the  commercial  activities  and  Importation  of 
equipment,  raw  materials,  and  other  items  not 
available  within  China.  All  major  technical 
decisions  were  to  be  agreed  to  by  both  Project 
Managers  prior  to  implementation. 

Lines  of  communication  were  established  and 
procedures  generated  to  control  the  preparation 
and  dissemination  of  information.  It  was  agreed 
that  all  information  and  correspondence  would  be 
provided  in  triplicate.  All  communications  and 
documents  would  be  sequentially  numbered  and  a 
logging  procedure  established.  All 
correspondence  would  be  addressed  to  each  team’s 
Project  Manager.  A  document  center  was 
established  at  CDC  which  was  staffed  by  an 
individual  who  organized,  filed,  and  controlled 
the  access  to  and  the  withdrawal  of  Information. 
Similarly,  office  facilities  were  provided  for 
Essex  personnel  on-site  and  a  complete  file  was 
retained  there  as  well. 

When  two  parties  do  not  share  a  common 
language,  communications  and  a  true  understanding 
of  what  Is  being  discussed  becomes  a  critical 
concern.  It  was  agreed  that  all  correspondence 
and  information,  documentation,  drawings  and 
prints  transmitted  between  the  two  parties  would 
be  in  the  English  language.  Such  information 
already  in  use  by  Essex  could  use  the  Imperial 
System  of  weights  and  measures.  Information 
prepared  specifically  In  support  of  the  PROJECT 
would,  however,  be  provided  in  the  Metric  System. 
It  was  also  agreed  that  drawings  and  prints 
generated  In  support  of  the  PROJECT  by  both 
parties  would  utilize  a  common  drafting  format 
called  True  Dimensions.  Formal  meetings  and 
discussions  were  held  in  china  with  CDC  supplying 
Interpreters  and  translators.  Initially,  Essex 
also  provided  their  own  Interpreters,  but  this 
soon  became  unnecessary  as  confidence  In  the 
abilities  of  the  CDC  personnel  and  mutual  trust 
and  respect  between  the  two  parties  grew. 
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An  overall  project  schedule  was  jointly 
developed  which  was  based  on  the  experiences  of 
Essex  in  constructing  new  facilities  within  the 
U.S.  However,  during  the  discussion  it  became 
apparent  that  the  timing  for  such  an  activity  in 
China  would  vary  significantly  from  that  expected 
in  the  United  States.  Using  the  COC  and 
MACHIMPEX  knowledge  of  the  governmental 
regulations  and  logistical  constraints,  the 
proposed  schedule  of  Essex  was  modified  to 
reflect  the  conditions  prevailing  In  China  at  the 
time.  The  PROJECT  was  divided  into  phases. 
Phase  I  was  for  six  months.  During  this  phase, 
the  design  of  the  production  and  support 
facilities,  quantification  of  utility 
requirements,  and  the  specifying  and  ordering  of 
equipment  was  to  be  completed.  In  Phase  II, 
which  was  for  eighteen  months,  the  construction 
of  all  production  and  auxiliary  facilities,  the 
provision  of  all  utilities,  the  Installation  and 
trial  operation  of  all  equipment,  and  trial 
production  would  be  completed.  In  the  third 
phase,  beginning  two  years  after  the  beginning  of 
the  PROJECT,  the  plant  would  go  into  commercial 
production  with  a  ramping-up  of  production  output 
occurring  at  a  planned  rate  until  full  production 
capacity  was  achieved.  GANT  charts  were  used  to 
define  the  overall  PROJECT  and  PERT  charts  were 
generated  for  the  major  activities. 

A  method  for  project  review  and  status 
reporting  was  developed.  It  was  agreed  that 
weekly  review  meetings  would  be  scheduled  between 
the  Project  Team  members  on-site.  Essex 
personnel  on-site  also  provided  written  project 
reports  back  to  the  U.S.  In  addition,  the 
progress  of  the  PROJECT  would  be  reviewed  by  both 
participating  Project  Managers.  Initially  these 
meetings,  which  usually  took  place  in  Chengdu, 
were  scheduled  for  every  four  to  six  weeks.  As 
the  PROJECT  progressed,  these  meetings  took  place 
approximately  every  two  months.  Project  meetings 
addressed  the  following  subjects:  1)  schedules 
reviewed  and  adjusted  to  reflect  the  current 
situations,  2)  identification  of  new  objectives, 
3)  responsibilities  distributed,  4)  overall 
general  discussions  to  better  understand  goals 
and  requirements. 

Documentation  of  project  status,  action 
plans,  and  decisions  made  were  an  Important  part 
of  these  review  meetings.  For  this  purpose,  two 
types  of  records  were  utilized.  The  first  called 
a  Work  Protocol  contained  the  record  of  major 
activities  and  agreements.  Work  Protocols  were 
used  to  more  specifically  define  and  supplement 
the  requirements  contained  in  the  original 
Agreement.  As  such,  they  needed  to  be  signed  by 
both  Project  Managers,  were  written  in  both  the 
Chinese  and  English  language,  and  became 
amendments  to  the  Agreement.  Work  Memorandums 
were  used  to  document  specific  project  activities 
or  technical  decisions  which  were  not  addressed 
by  the  Agreement.  Such  Work  Memorandums  could  be 
signed  by  the  team  member  from  each  party 


assigned  responsibility  for  the  specific  tech¬ 
nical  activity  covered. 


V.  DEFINITION  OF  PROJECT  SCOPE 

While  the  Agreement  described  in  general 
terms  the  sizes  and  types  of  products  to  be 
produced,  it  was  necessary  to  specifically  define 
the  governing  product  specifications,  pair  count 
ranges,  conductor  diameters,  sheath  types,  and 
product  mix  to  be  manufactured.  Such  details 
must  be  known  in  order  to  properly  1)  identify 
the  numbers,  types,  and  technical  requl rerents  of 
the  production  and  support  equipment,  2)  provide 
for  efficient  material  handling,  process  flow, 
and  storage,  3)  determine  the  necessary  types  and 
quantities  of  raw  material,  and  4)  identify, 
size,  and  locate  the  various  types  of  utilities 
required. 

It  was  agreed  during  the  initial  planning 
that  the  cable  plant  would  have  the  capability  of 
producing  cables  in  accordance  with  Essex 
Internal  specifications,  the  cable  specifications 
of  REA  and  IEC  SC  46C,  and  the  national  cable 
standards  of  China.  Standard  conductor  diameters 
would  be  0.32,  0.4,  0.5,  0.6,  0.63,  0.7,  and  0.9 
mm.  The  maximum  pair  count  would  be  3600  pair 
for  the  0.32  and  0.4  mm  conductor  sizes  with 
lower  maximum  pair  counts  established  for  the 
larger  conductor  sizes.  Cable  types  would  be 
solid  insulated  air  core  and  solid  and  cellular 
(both  foam  and  foam/skin)  insulated  filled 
cables.  Figure-8  and  PCM  cables  were  also 
included  as  well  as  shielding  configurations 
consisting  of  flat  and  corrugated  coated  aluminum 
and  a  dual  shielding  system  of  coated  aluminum 
and  coated  steel.  Based  on  historical  data  and 
market  research,  CDC  provided  product  mix 
information  showing  the  percentage  of  each 
product  to  be  manufactured  as  a  function  of 
conductor  size,  pair  count  range,  Insulation 
type,  and  sheath  design.  It  was  also  agreed  that 
the  factory  would  be  equipped  to  produce  quads 
(of  a  limited  amount)  as  well  as  pairs  and  that 
the  equipment  would  be  designed  to  produce  cable 
cores  based  on  either  10  or  25  pair  unit 
constructions. 

It  was  further  agreed  that  the  Essex 
specifications  would  be  modified  as  appropriate 
to  reflect  the  national  standards  of  China.  Such 
modifications  Included,  for  example,  the  use  of 
mm  conductor  diameters  and  their  corresponding 
resistances  in  lieu  of  AWG  conductor  sizes,  and 
requirements  of  attenuation  and  near  end 
crosstalk  based  on  the  European  30  channel 
carrier  system  which  operates  at  the  Nyqulst 
frequency  of  1.024  MHz  instead  of  the  American 
system  of  24  channels  operating  at  772  kHz. 
Essex  product  design  engineers  prepared  such 
product  specifications  for  CDC  and  these  product 
specifications  became  the  governing 
specifications  for  all  future  type  approval  and 
quality  assurance  activities. 
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All  these  decisions  were  documented  using 
Work  Protocols,  and  they  became  the  basis  for  all 
future  project  activities  relating  to  plant 
design  and  layout,  equipment  design  and 
selection,  and  raw  material  and  utility 
requirements. 


VI.  CIVIL  WORKS 

The  initial  plan  for  the  new  manufacturing 
facility  called  for  the  refurbishment  of  two 
existing  structures,  their  Interconnection,  and 
the  construction  of  various  ancillary  facilities. 
Three  parties  were  involved  in  these  activities  - 
Essex,  CDC  and  an  outside  company  which  was 
responsible  for  the  civil  design  and  physical 
construction  of  the  facilities.  This  third  party 
was  the  prime  contractor  for  the  civil  works  and 
was  directly  responsible  to  CDC.  The  use  of  an 
experienced  construction  unit  was  necessary  since 
neither  CDC  nor  Essex  had  sufficient  expertise  in 
the  areas  of  civil  engineering  and  construction. 
In  addition,  the  civil  construction  unit  had 
knowledge  of  the  Chinese  laws  and  regulations 
governing  such  construction  activities.  This 
soon  became  an  important  consideration  during  the 
design  phase  of  the  PROJECT. 

As  in  all  facets  of  the  PROJECT,  planning 
and  review  meetings  were  held  on  a  regular  basis 
with  all  parties  Involved.  Essex  supplied  on¬ 
site  facilities  experts  who  were  responsible  for 
the  sizing  of  the  facilities;  general  plant 
layout;  identification,  sizing,  and  distribution 
of  utilities  such  as  electricity,  water,  steam, 
and  compressed  air;  and  the  design  of  support 
facilities  such  as  raw  material  storage,  wire 
drawing  solution  systems,  and  process  water 
cooling  system.  CDC  assigned  plant  engineering 
and  drafting  personnel  to  work  with  the  Essex 
engineers  in  this  phase  of  the  PROJECT.  CDC  also 
provided  direct  liaison  with  the  civil 
construction  unit.  Weekly  planning  and  review 
meetings  were  held  between  all  three  parties 
while  more  frequent  meetings  were  held  between 
CDC  and  the  civil  construction  unit. 

Such  meetings  were  most  important  in  the 
early  stages  of  the  PROJECT  because  of  the  need 
to  identify  and  comply  with  Chinese  regulations 
concerning  the  construction  of  the  buildings  and 
environmental  considerations  as  well  as  to  adopt 
methods  and  techniques  consistent  with  the 
specific  conditions  and  constraints  common  in 
China.  For  example,  it  was  learned  that  Chinese 
law  governing  the  refurbishment  of  an  existing 
facility  required  that  such  a  building  be 
earthquake  proof.  This  necessitated  the 
demolition  of  one  of  the  two  structures  to  be 
renovated  and  its  complete  rebuilding. 
Similarly,  China  had  regulations  concerning  the 
disposal  of  waste  materials,  which  for  the 
PROJECT  was  the  waste  wire  drawing  solution. 
Since  China  did  not  have  available  disposal 
capabilities  similar  to  those  found  in  the  U.S. , 


this  meant  that  a  means  of  treating  and  handling 
the  waste  drawing  solution  needed  to  be  Included 
in  the  design  of  the  facility.  CDC  developed  a 
three  stage  treatment  system  which  Incorporated 
de-emulsifiers,  flocculating  agents,  and 
filtration  media. 

The  most  cost  effective  means  for 
performing  a  function  often  differed  In  China 
from  that  in  the  U.S.  Such  alternative 
approaches  were  discussed  among  the  parties  and 
the  ultimate  decision  included  In  the  overall 
plant  design.  An  example  of  this  was  the  use  of 
coaling  towers  at  CDC  to  treat  the  procass  water 
whereas  Essex  uses  a  cooling  pond.  While  the 
result  obtained  was  the  same,  the  use  of  the 
towers  was  more  practical  due  to  space 
constraints  and  overall  cost. 

Within  six  months  of  the  beginning  of  the 
PROJECT,  Essex  provided  CDC  with  a  general  plant 
layout,  estimated  utility  requirements,  and  other 
basic  information  required  for  the  civil  design 
work.  This  information  was  general  in  nature 
since  specific  and  detailed  requirements  could 
not  be  completely  identified  until  decisions  were 
made  regarding  the  selection  of  the  actual 
manufacturing  and  support  equipment.  As 
equipment  was  selected  and  information  obtained 
from  the  equipment  suppliers,  this  general 
information  was  revised  to  reflect  actual 
requirements.  In  this  manner,  detailed  plant 
layouts  evolved  showing  the  position  of  each 
piece  of  manufacturing  and  support  equipment; 
storage  and  office  areas;  piping  and  drain 
locations;  power  steam,  and  compressed  air  supply 
points;  lighting  requirements;  load  requirements 
for  overhead  hoists  and  cranes;  and  specific 
foundation  and  flooring  requirements. 


VII.  EQUIPMENT  AND  PROCESSES 

Concurrent  with  the  initial  civil  design 
phase  of  the  PROJECT,  the  process  of  equipment 
selection  and  ordering  was  undertaken.  According 
to  the  Agreement,  ordering  of  all  imported 
equipment  was  to  be  completed  within  six  months. 
The  following  steps  were  found  to  be  most 
effective  in  meeting  this  time  frame. 

As  described  in  Section  V,  one  of  the  first 
objectives  of  the  Project  Team  was  to  define  the 
cable  types,  pair  count  ranges,  and  product  mix 
to  be  produced  by  the  new  factory.  Based  on  this 
information,  Essex  prepared  various  scenarios  of 
equipment  and  processes  which  could  be  used  to 
meet  the  production  requirements.  Quantities  of 
equipment  required  by  each  scenario  were 
determined  based  on  Essex  experiences  of 
productivity  and  production  rates  with  similar 
processes  and  equipment.  These  experiences  were 
an  Important  element  since  the  maximum  machine 
rates  and  speeds  quoted  by  various  equipment 
suppliers  are  not  always  practical  in  a 
continuous  operating  mode. 
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The  various  options  were  jointly  reviewed 
by  the  Project  Team  and  evaluated  based  on 
productivity  and  quality  considerations  as  well 
as  overall  costs.  Once  a  decision  was  made  as  to 
which  option  to  use,  Essex  provided  COC  with  a 
list  of  the  quantities  and  types  of  all  equipment 
required  along  with  basic  performance 
specifications  and  the  names  and  addresses  of  at 
least  two  manufacturers  of  each  piece  of 
equipment.  This  information  was  used  by  CDC  to 
make  initial  contact  with  potential  suppliers 
outside  China  and  to  locate  acceptable  sources 
within  China.  These  activities  were  completed  in 
one  month. 

CDC  then  provided  Essex  with  the  technical 
performance  characteristics  of  equipment  already 
existing  at  CDC  or  available  from  suppliers 
within  China.  Essex  reviewed  this  information 
and  determined  the  suitability  of  such  equipment 
and,  where  appropriate,  offered  proposals  of  how 
such  equipment  could  be  modified  to  become 
acceptable.  These  activities  were  completed 
within  three  months. 

Concurrent  with  these  activities,  Essex 
prepared  detailed  purchasing  specifications. 
These  specifications  contained  not  only  the 
technical  specifications  and  performance 
requirements  of  the  equipment  but  also  warranty 
terms  and  acceptance  testing  procedures.  They 
also  defined  the  obligations  of  the  suppliers 
relative  to  installation,  debugging,  and 
training.  This  information  was  incorporated  into 
Requests  For  Quotations  (RFQ)  by  MACHIMPEX  and 
CDC.  A  response  time  of  one  month  was  required. 
Once  the  quotations  were  received  and  evaluated, 
a  delegation  from  MACHIMPEX  and  CDC  together  with 
an  Essex  expert  visited  the  major  vendors  to 
resolve  any  technical  questions  and  to  work  out 
the  commercial  issues.  Essex  did  not  participate 
in  the  commercial  discussions  but  acted  only  as  a 
technical  expert  and  consultant. 

A  critical  element  of  all  the  equipment 
specifications  and  RFQ  procedures  was  the 
identification  of  types  and  quantities  of  spare 
parts.  Here  again,  a  knowledge  of  the  existing 
situation  within  China  was  vital  for  determining 
these  requirements.  Unlike  the  U.S.,  for 
example,  it  was  not  always  possible  to  find 
readily  available  spare  parts  -  one  could  not 
drive  down  to  the  local  hardware  or  electrical 
supply  store  to  obtain  a  replacement  component  or 
call  a  supplier  and  have  a  part  shipped  in 
overnight.  Therefore,  each  RFQ  contained 
requirements  for  the  types  and  quantities  of 
spare  parts  to  be  provided  based  on  Essex 
experiences,  the  manufacturer’s  recommendations, 
and  the  constraints  within  China. 

Essex  also  provided  CDC  detailed  drawings 
and  prints  of  equipment,  parts,  and  tooling  of 
its  own  design.  These  items  ranged  from  tooling 
to  filling  and  flooding  tanks.  In  some  cases, 
CDC  had  local  suppliers  produce  the  items  while, 


in  other  cases,  CDC  manufactured  the  equipment  in 
its  own  workshops. 

In  this  manner,  all  the  major  production 
equipment  and  most  of  the  ancillary  and  support 
equipment  was  ordered  within  the  first  six  months 
of  the  Agreement.  The  result  was  a  production 
facility  containing  the  most  advanced  equipment 
available  at  the  time  with  the  Imported  equipment 
being  supplied  by  fourteen  different  companies 
representing  seven  different  countries. 

CDC  was  responsible  for  clearing  all  the 
imported  equipment  through  customs  and  for 
transporting  the  equipment  from  the  Chinese  port 
to  the  factory  site.  CDC  engineers  installed  the 
equipment  supported  by  on-site  Essex  experts  and 
supplier’s  engineers.  These  three  parties  worked 
together  to  complete  the  debugging,  trial 
operation,  and  acceptance  testing  of  all 
equipment  as  defined  in  the  purchasing  documents. 


VIII.  RAW  MATERIALS 

It  was  the  desire  of  CDC  to  source,  as  much 
as  practical,  the  raw  materials  used  in  the 
manufacture  of  the  cables  from  suppliers  within 
China.  Based  on  the  agreed  to  product  mix  and 
cable  specifications,  Essex  provided  CDC  with  raw 
material  specifications  for  the  required 
materials,  a  listing  of  approved  sources  for  each 
material,  and  projected  material  usage  figures. 
Usage  calculations  took  into  account  project 
scrap  rates  during  the  term  of  the  Agreement, 
being  highest  during  the  initial  start-up  phase 
of  the  PROJECT  and  decreasing  as  the  factory 
reached  full  production. 

Based  on  the  raw  material  specifications, 
CDC  contacted  various  raw  material  suppliers 
within  China  and  supplied  Essex  with  laboratory 
samples  and  their  corresponding  specifications. 
Essex  material  engineers  evaluated  these 
materials  and  either  approved  or  rejected  the 
materials  based  on  their  analysis.  Such 
evaluations  not  only  considered  the 
characteristics  of  the  material  but  its  packaging 
as  well.  For  example,  binders  must  be  supplied 
on  cops  compatible  with  the  manufacturing 
equipment.  Similarly,  the  packaging  of  bulk 
materials  influenced  the  design  of  the  material 
handling,  transport,  and  storage  systems  within 
the  plant.  In  some  instances,  the  materials  were 
deemed  to  be  acceptable  with  modification.  CDC 
worked  with  the  local  supplier  to  achieve  the 
suggested  modifications. 

With  some  materials,  it  was  not  sufficient 
to  judge  their  suitability  based  only  on 
laboratory  evaluations.  Such  considerations  as 
processibillty  and  their  interaction  with  other 
components  of  the  cable  required  the  actual 
production  of  a  finished  product.  In  these 
cases,  CDC  supplied  quantities  of  raw  material 
sufficient  to  produce  trial  cables  at  Essex’  own 
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facilities  in  the  U.S.  Jacketing  compounds  and 
metal  tapes,  for  example,  were  evaluated  in  this 
manner. 

For  materials  which  could  not  be  sourced 
within  China,  the  fcssex  material  specifications 
were  used  as  the  basis  tor  importing  the  required 
materials.  As  was  the  case  for  the  equipment., 
MACHIMPEX  and  COC  performed  the  act.ua  I  commercial 
activities. 

In  order  to  limit,  its  denendencv  on  the 
importation  of  raw  materials  for  which  there  was 
no  acceptable  Chinese  source,  COC  investigated 
methods  for  producing  their  own  raw  materials. 
This  was  not  a  new  concept.  For  example,  COC 
already  produced  their  own  shipping  reels,  having 
a  saw  mill  and  metal  working  shop  alreadv  in 
operation.  In  some  cases,  COC  was  able  to 
develop  their  own  raw  material  production 
operation.  An  example  of  this  was  the 
manufacture  of  plastic  tapes  used  as  color  and 
unit  binders.  In  other  cases,  COC  licensed 
technology  from  foreign  suppliers.  For  example, 
based  on  an  agreement  with  a  major  U.S.  producer 
of  coated  tapes,  CDC  constructed  a  facility  to 
coat  and  slit  metal  tapes  used  as  cable  shields. 


IX.  TRAINING 

The  manufacture  of  any  product  can  be 
likened  to  a  3- legged  stool.  One  leg  represents 
the  production  equipment,  one  leg  represents  the 
raw  materials,  and  one  leg  represents  the  people 
who  manage,  operate,  and  use  the  materials  and 
equipment.  No  matter  how  good  the  raw  materials 
or  how  sophisticated  the  equipment,  it  is  the 
people  who  ultimately  determine  the  results.  To 
a  large  extent,  the  competency  of  the  people  is 
determined  by  adequacy  of  the  training  they 
receive.  From  .  jginmng  of  the  PROJECT,  both 
COC  and  Essex  recognized  the  importance  ot 
training. 

At  the  initial  joint  planning  meeting,  a 
comprehensive  training  program  and  schedule  was 
established.  More  than  ten  man-years  of  training 
were  provided  to  COC  management,  technical,  and 
operation  personnel  at  the  various  Essex 
locations  in  the  U.S.  The  trainees  were  divided 
into  three  groups,  each  group  consisting  of  ten 
people.  The  training  period  of  each  group  was 
four  months.  The  areas  of  training  were 
scheduled  to  support  the  events  occurring  at  COC. 
For  example,  the  training  of  maintenance 
personnel  was  scheduled  to  be  completed  prior  to 
the  installation  and  debugging  of  the  equipment 
so  that  these  individuals  could  participate  in 
these  activities.  Similarly,  the  training  of 
equipment  operators  and  process  engineers  was 
timed  so  that  they  would  return  to  CDC  just  prior 
to  the  equipment  being  placed  into  trial 
production.  Hence,  there  was  not  an  extended 
period  between  training  and  actual  operation  of 
the  equipment  and  the  trainees  were  better 


prepared  to  assimilate  the  on-site  training  on 
each  specific  piece  of  equipment  provided  by  the 
equipment,  supplier’s  personnel. 

Selection  of  the  specific  Individuals  to  be 
trained  was  the  responsibility  of  COC  with  Essex 
acting  in  an  advisory  capacity.  For  each  area  of 
training,  Essex  provided  CDC  with  a  description 
of  desired  experience  and  capabilities.  Written 
tests  were  provided  by  Essex  to  COC  for 
completion  by  the  potential  trainees.  The 
results  of  these  tests  and  the  background  of  each 
trainee  were  reviewed  by  both  parties  and  the 
final  selection  made  by  CDC.  Essex  used  this 
information  to  develop  specific  training  programs 
tor  each  individual  based  on  their  level  of 
expertise.  In  order  to  overcome  the  language 
barrier.  CDC  provided  each  trainee  with  classes 
in  the  English  language  although  each  group  was 
accompanied  by  an  experienced  Interpreter. 

Each  trainee  was  assigned  an  experienced 
Essex  counterpart  who  was  responsible  for  the 
trainee’s  education.  Training  consisted  of 
lectures  and  demonstrations  followed  by  actual 
hands-on"  experience.  Training  manuals  were 
prepared  tor  each  trainee  and  forwarded  to  CDC 
prior  to  their  departure  to  the  U.S.  Weekly  tests 
and  progress  evaluations  were  prepared  for  each 
trainee  to  evaluate  the  effectiveness  of  the 
training  program.  In  certain  areas,  the  training 
at  the  Essex  locations  was  augmented  by 
additional  sessions  provided  by  equipment 
suppliers. 

In  this  manner,  all  aspects  of  production 
management,  manufacturing,  and  test  were  covered. 
Once  these  trainees  returned  to  -CDC  they  were# 
able  to  immediately  apply  the  knowledge  they  had* 
received  and  to  train  the  remaining  COC 
personnel.  In  many  cases,  the  people  who  were 
trained  in  a  particular  function  became  the 
managers  and  supervisors  of  that  function  in  the 
new  faci 1 ity. 

Essex  also  provided  experts  to  participate 
in  the  on-site  training  of  the  additional 
personnel  at  CDC.  The  Essex  personnel  provided 
assistance  and  training  during  the  installation, 
trial  production,  acceptance  testing,  and 
commercial  production  phases  of  the  PROJECT. 
Almost  ten  man-years  of  Essex  experts  were  spent 
at  CDC  in  these  activities. 

The  success  of  the  PROJECT  resulted  in  no 
small  measure  from  the  dedication  and  competency 
of  both  the  trainees  and  trainers. 


X-  TRIAL  PRODUCTION 

A  methodology  ot  trial  production  was  used 
to  verify  the  performance  of  the  equipment 
supplied  and  the  effectiveness  of  the  technology 
transferred.  Trial  production  Involved  two 
stages.  In  the  first  stage,  major  components  and 
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complete  process  lines  were  operated  by  CDC 
personnel  in  conjunction  with  the  technical  staff 
of  the  equipment  supplier.  The  performance  of 
the  equipment  was  compareo  to  the  quality  and 
productivity  standards  specified  in  the 
purchasing  documents.  Once  the  equipment 
demonstrated  the  required  performance,  it  was 
deemed  to  have  been  commissioned  and  was  accepted 
by  CDC. 

After  the  equipment  had  been  commissioned, 
stage  two  of  the  trial  production  process  began. 
To  verify  the  technology  transferred,  CDC  and 
Essex  jointly  selected  various  cable  types  and 
sizes  to  be  evaluated.  Various  conductor  sizes, 
pair  counts,  and  cable  designs  were  identified. 
Both  air  core  and  filled  cables  were  included 
with  the  filled  cables  having  either  solid  or 
cellular  insulation.  A  minimum  of  three  reels  of 
each  cable  were  produced  and  the  quality  of  the 
finished  product  evaluated  by  comparing  the  test 
results  to  the  product  specification  requirements 
previously  prepared  and  agreed  to. 

The  cables  were  produced  by  CDC  under  the 
supervision  of  Essex  engineers.  As  each  cable 
type  was  produced  and  found  to  be  In  compliance 
with  the  applicable  product  specification,  a 
Certificate  of  Acceptance  was  prepared  for  that 
particular  design  and  that  design  was  placed  into 
commercial  production. 


XI.  PRODUCTION  MANAGEMENT 

The  transfer  of  technology  to  CDC  did  not 
only  Include  the  technical  and  manufacturing 
aspects  of  the  production  facility  but  management 
methods  and  practices  as  well.  Management 
personnel  from  CDC  were  included  in  the  groups 
which  were  trained  by  Essex  In  the  U.S. 

Training  consisted  of  general  introductions 
to  U.S.  management  techniques  which  were  then 
applied  to  the  specific  management  of  the  Essex 
manufacturing  and  support  activities.  Production 
management  concentrated  on  such  aspects  as  plant 
organization  and  staffing,  plant  loading,  manning 
and  manufacturing  standards,  scrap  control, 
quality  Improvement  processes,  training,  and 
budgets.  The  Essex  Commitment  to  Quality  program 
was  explained  and  the  various  elements  of  the 
program  defined  and  discussed.  Support  functions 
including  accounting,  personnel,  and  purchasing 
were  also  described. 

Reporting  methods  and  procedures  were 
explained  with  emphasis  on  the  key  performance 
Indicators  and  their  interpretation.  This 
education  in  the  U.S.  was  supplemented  by  Essex 
management  staff  on-site  at  CDC  who  worked 
directly  with  their  counterparts  during  the 
start-up  and  initial  production  phases  of  the 
PROJECT.  Both  parties  realized,  however,  that 
the  direct  application  of  American  or  Essex 
management  practices  was  not  always  practical  nor 


desirable  due  to  cultural,  philosophical,  and 
political  differences.  Thus,  the  information  and 
Instructions  provided  by  Essex  was  often  modified 
by  CDC  to  be  compatible  with  the  conditions 
existing  in  China.  In  some  cases  the  techniques 
were  directly  applicable,  for  example,  scrap 
control  and  production  reporting,  while  in  others 
the  methods  could  not  be  applied  at  all  and 
served  only  as  background  information  for  future 
reference. 

XII.  QUALITY 

A  common  commitment  to  quality  was  shared 
by  both  CDC  and  Essex  throughout  the 
implementation  of  the  PROJECT.  People, 
equipment,  raw  materials,  manufacturing 
processes,  and  finished  product  were  all  expected 
to  "Conform  to  Requirements”.  Product 
specifications  defined  the  finished  product. 
Material  specifications  defined  the  raw 
materials.  Performance  specifications  defined 
the  equipment.  Job  descriptions,  production 
standards,  and  operating  procedures  defined  the 
requirements  of  the  personnel  and  the  processes. 
Tra.ning,  both  at  the  Essex  facilities,  and  the 
o;. -going  training  program  established  at  CDC 
Insured  that  everyone  knew  what  the  governing 
requirements  were  and  what  was  expected. 

Specific  training  of  CDC  personnel  in  the 
areas  of  quality  control  and  quality  assurance 
was  included  in  the  training  programs  conducted 
by  Essex  In  the  U.S.  Raw  material  and  in-process 
quality  control  and  Inspection  procedures  were 
provided  by  Essex.  Qualification  and  acceptance 
plans  for  raw  materials  and  the  first  production 
of  finished  products  were  prepared.  Sampling 
plans  and  test  frequencies  were  developed  based 
on  statistical  analysis  of  resulting  data,  and 
methods  for  continued  quality  Improvement 
activities  were  documented  and  their  applications 
explained.  These  activities  were  further 
supported  by  Essex  quality  engineers  at  CDC,  and 
a  detailed  quality  system  manual  was  jointly 
prepared  at  CDC. 

Necessary  test  and  measurement  equipment 
was  identified  and  technical  specifications 
generated  in  the  same  manner  as  was  done  for  the 
production  equipment.  Calibration  techniques 
were  developed,  and  controls  concerning  the 
disposition  of  non-conforming  materials, 
components,  and  finished  products  were 
established.  A  record  keeping  and  reporting 
system  was  established  to  Insure  that  senior 
management  was  Involved  In  the  overall  quality 
process. 

The  emphasis  on  quality  by  both  parties  was 
immediately  recognized.  One  year  after  the 
beginning  of  commercial  production,  the  new 
production  facility  at  CDC  was  awarded  the  Gold 
Medal  Quality  Award  by  the  State  Economic 
Commission.  Since  that  time,  the  CDC  facility 
has  also  been  recognized  as  an  Advanced 
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Five  Year  Plan  bv  the  State  Economic  Commission, 
the  First  Place  Quality  Management  Award 
presented  by  the  City  of  Chengdu,  the  first 
Quality  Management  Award  presented  by  CNPTIC,  an 
Advanced  Enterprise  of  Quality  Control  by  the 
Sichuan  Province  Inspection  Bureau  as  well  as 
many  other  city,  provincial,  and  national  quality 
and  technology  awards. 


XIII.  TECHNICAL  EXCHANGE 

As  an  adjunct  to  the  technical  activities 
relating  directly  to  the  implementation  of  the 
PROJECT,  yearly  technical  exchange  meetings  were 
held  between  the  two  parties.  The  site  of  these 
meetings  alternated  between  the  U.S.  and  China. 
The  primary  purpose  of  these  meetings  was  to 
discuss  advances  and  trends  in  materials, 
products,  processes,  and  equipment  which  were 
occurring  within  the  industry.  In  addition,  any 
new  technology  which  was  developed  by  one  of  the 
parties  was  shared  with  the  other.  These 
meetings  also  had  a  very  important  side  benefit 
in  that  they  enhanced  the  business  and  personal 
relationships  between  the  two  parties. 

XIV.  MARKET  SUPPORT 

Since  the  Chinese  had  limited  experience 
with  the  advanced  types  of  cables  COC  would  be 
producing  in  the  new  facility,  it  was  most 
important  to  introduce  the  properties  and 
characteristics  of  these  cables  to  the  end  users. 
Besides  requiring  an  understanding  of  the 
products  themselves,  information  on  the  handling, 
installation  and  splicing  was  also  needed. 

Such  information  was  provided  CDC  by  Essex 
during  the  training  of  CDC  product  engineers  in 
the  U.S.  In  addition,  Essex  arranged  meetings 
with  various  cable  accessory  suppliers  in  the 
U.S.  who  worked  directly  with  CDC  in  these  areas. 
Based  on  this  information,  CDC  prepared  catalogs 
and  application  guidelines  and  instructions  for 
the  end  users.  Technical  seminars  were  arranged 
by  CDC  with  the  main  end  users  at  which  Essex 
product  and  application  engineers  provided 
information  on  the  cable  designs  and 
characteristics,  installation  practices  and 
splicing  techniques  and  demonstrated  the  use  of 
splicinq  and  terminating  hardware.  lo  further 
support  the  use  of  the  new  cable  designs,  CDC 
developed  and  began  production  ot  such 
accessories  as  discrete  connectors  and  heat 
shrinkable  sleeves  for  splicing. 


XV.  HUMAN  JjACJORS 

The  importance  of  the  people,  the  human 
factor,  in  the  success  of  the  PROJECT  cannot  be 
over  emphasized.  Here  were  two  companies 
separated  not  only  by  geography  and  language,  but 
by  cultural,  economic,  political,  and  historical 
differences.  Yet  both  parties  were  able  to 
overcome  these  differences  because  of  their 
dedication  and  commitment  to  a  common  goal.  The 
interaction  of  the  Essex  experts  at  CDC  and  of 
the  CDC  trainees  in  the  U.S.  formed  bonds  of 
mutual  respect,  trust,  and  friendship  which 
transcended  any  technical  differences  which 
arose.  In  such  an  atmosphere,  disagreements 
could  be  openly  discussed  and  effectively 
resolved.  By  visiting  each  others  families, 
experiencing  the  history  and  culture  of  the  host 
country,  celebrating  national  holidays,  or  simply 
relaxing  together  after  a  long  day  on  the  job, 
the  spirit  of  personal  and  technical  respect  and 
understanding  flourished. 


XVI .  SUMMARY 

Exactly  two  years  after  the  signing  of  the 
Technology  Transfer  Agreement  between  Essex  and 
CDC,  the  new  production  facility  produced  its 
first  commercial  cable.  Since  that  time,  the 
factory  has  reached  its  goal  of  producing  1.2 
million  pair-km  per  year  of  advanced  telephone 
cable.  The  quality  of  its  products,  the 
efficiency  of  its  management,  and  the 
productivity  ot  its  manufacturing  operations  have 
been  recognized  throughout  China.  The  technology 
transferred  by  Essex  has  placed  CDC  in  the 
leadership  position  in  China  for 
telecommunications  cable  and  technology.  For 
both  parties,  the  PROJECT  was  rtf  3;  J— 

(A  GREAT  SUCCESS).  /\  HXs  /  / 
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ABSTRACT 


The  performance  of  various  fiber  designs  proposed  for  tethered 
vehicle  applications  was  evaluated.  The  fibers  were  evaluated 
for  resistance  to  bend-induced  loss  generated  at  the  peel  point 
during  high  speed  deployment  using  a  peel  point  bend 
simulation  test.  Also,  a  non-contact  method  of  evaluating  the 
bend  loss  over  the  entire  length  of  the  fiber  is  presented. 
System  analyses  were  performed  to  compare  the  system 
capabilities  of  a  fiber  optic  guided  vehicle  (FOG-V)  system 
using  the  different  fiber  designs.  Also,  the  radiation  response  of 
the  fibers  was  characterized  at  -32°C,  26°C,  and  63°C. 


1.  INTRODUCTION 

Several  characteristics  that  optical  fibers  proposed  for  tethered 
vehicle  applications  should  exhibit  are  resistance  to  bend- 
induced  attenuation  generated  at  the  peel  point,  resistance  to 
radiation-induced  loss,  and  the  potential  for  extended  range 
data  links.  In  this  paper,  several  fibers  were  evaluated  for 
resistance  to  bend-induced  attenuation  generated  at  the  peel 
point  during  high  speed  deployment  using  a  peel  point  bend 
simulation  test;  system  analyses  were  conducted  to  compare 
the  system  capabilities  of  a  fiber  optic  guided  vehicle  (FOG-V) 
system  using  the  different  fibers,  and  the  radiation  response 
was  measured  at  -32°C,  26°C,  and  63°C. 

2.  FIBER  DESIGNS 

Three  fiber  designs  were  considered  in  the  scope  of  this  work. 
The  first  design  was  the  AT&T  AccuTether  100  Fiber  which  is 
based  on  the  depressed-clad,  triangular  profile,  dispersion- 
shifted  single  mode  fiber111.  The  second  design,  the  AT&T 
AccuTether  200  Fiber,  is  a  depressed-clad,  step  index,  single 
mode  fiber121.  A  third  design  that  has  been  proposed  for 
tethered  vehicle  applications  is  also  considered,  Fiber  X,  which 
is  a  matched-clad,  step-index  single  mode  fiber.  Table  I 
summarizes  some  of  .the  fiber  parameters  for  the  fiber  designs 
considered  in  this  paper.  The  AccuTether  100  and  AccuTether 
200  have  been  optimized  for  one  of  the  standard  operating 
wavelengths  of  FOG-V  data  link  systems,  i.  e.  the  zero 
dispersion  wavelength  coincides  with  one  of  the  transmission 
wavelengths,  while  Fiber  X  has  not  been  optimized  for 
peration  at  either  of  the  standard  operating  wavelengths. 


3.  PEEL  POINT  BEND  SIMULATION  TEST 

A  peel  point  bend  simulation  test  was  conducted  on  these  fiber 
designs  as  well  as  a  matched-clad,  dispersion-shifted  fiber 
(DSF-B)  for  comparison.  The  added  loss  from  the  insertion  of 
a  90°  bend  with  a  bend  radius  ranging  from  1.2  to  6.35  mm 
was  measured  at  1310  nm  and  1550  nm.  Table  II  summarizes 
the  test  results.  The  added  loss  for  a  1.6  mm  radius  bend  at 
1550  nm  is  about  2  dB  for  the  AccuTether  ICO  compared  to  22 
dB  for  DSF-B.  The  bend  loss  for  Fiber  X  at  1550  nm  with  a 
90°,  1.6  mm  bend  is  0.25  dB  while  the  AccuTether  200  has  a 
bend  loss  of  only  0.06  dB  at  1550  nm,  under  the  same  test 
conditions. 

A  non-contact  method  of  evaluating  the  bend  loss  over  the 
entire  length  of  fiber  has  been  developed.  A  bi-directional 
OTDR  analysis  is  used,  along  with  discrete  measurements  of 
the  bend  loss  at  the  ends  of  each  spool  using  the  peel  point 
bend  simulation  test,  to  evaluate  the  bend  loss  over  the  entire 
length  of  fiber.  For  small  diameter  bends,  such  as  the  bend 
induced  in  the  fiber  at  the  peel  point,  any  macrobending  loss 
variation  along  the  length  of  a  fiber  is  related  primarily  to 
variation  in  the  mode  field  diameter  (mfd).  The  relative 
variation  of  the  mode  field  diameter  can  be  observed  by  using  a 
bidirectional  OTDR  analysis.131 141 

The  power  of  the  backscattered  signal  from  the  OTDR 
measurement  is  given  by 

P(z) «  P0  as(z)B(z)  exp[-2Jo  aT(x)dx]  (1) 

where 


P0  =  Launched  power 

ctj(z)  =  Rayleigh  scattering  coeeficient 

B(z)  =  Backscatter  capture  fraction  « 


X 

co 


where  co  =  Mode  field  diameter 
and  X  =  Wavelength 
a-r(z)  =  Attenuation  (total). 


2 


The  measured  OTDR  loss  of  the  fiber  is  determined  from 
equation  (2). 


OTDR  loss  —  - 

dz 


|51ogI0(P(z)]j 


(2) 


The  change  in  (2)  due  to  a  change  in  the  total  attenuation  has 
the  same  sign,  i.e.  positive  or  negative,  regardless  of  the 
propagation  direction  of  the  OTDR  light  pulse.  Therefore,  the 
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exponential  decay  term  in  (1),  due  to  scattering  and  absorption, 
is  insensitive  to  the  fiber  end  from  which  the  input  pulse  is 
launched.  The  backscatter  capture  fraction,  B(z),  is  sensitive  to 
local  imperfections  which  cause  changes  in  the  mode  field 
diameter,  and  depends  on  the  OTDR  launch  end,  i.e.  the  sign 
of  the  change  in  (2)  due  to  changes  in  the  as(z)B(z)  term 
depends  on  the  propagation  direction  of  the  light.  The  addition 
of  the  two  semi-log  OTDR  signals  obtained  from  each 
direction  gives  the  imperfection  line  for  a  fiber  of  length  L. 
Equation  (3)  describes  the  imperfection  line  where  Sp(z)  and 
Sr(z)  are  the  OTDR  signals  in  the  forward  and  reverse 
directions,  respectively. 

I(z)  =  Sp(z)  +  Sr(L-z)  =  101ogIO[a5(z)B(z))  +  const.  (3) 

Variations  in  the  fiber  profile  imperfection  line  reflect  changes 
in  the  mode  field  diameter  and  <v,  it  has  been  shown  .that  the 
contribution  of  the  variation  of  as  to  the  imperfection  line  can 
usually  be  neglected  when  compared  to  the  contribution  due  to 
variation  of  the  mode  field  diameter.'3*  Since  the  peel  point 
bend  loss  is  also  related  to  the  mode  field  diameter  (fiber 
profile),  the  fiber  profile  imperfection  line  can  also  be  used  to 
determine  the  relative  variation  in  the  peel  point  bend  loss. 
Also,  since  %  is  related  to  as,  variations  in  as  would  result  in 
variations  in  ay  which  would  cause  variations  in  the  "true"  loss 
(as  determined  from  the  slope  of  Sp  -  Sr);  therefore,  it  is 


possible  to  separate  contributions  from  variations  in  ot,  and 
mfd.  However,  attributing  all  observed  variation  in  l(z)  to  the 
B(z)  term  in  (3),  i.e.  mfd  variations,  leads  to  a  conservative 
estimate  of  the  bend  loss  variation.  The  imperfection  line  from 
the  bidirectional  OTDR  analysis  along  with  end  sample 
measurements  of  the  peel  point  bend  loss  can  be  used  to 
estimate  the  maximum  bend  loss  over  the  entire  length  of  fiber. 
Figure  1  shows  the  correlation  of  bend  loss  measurements  as  a 
function  of  length  with  profile  variations  along  the  length.  The 
measurement  error  is  somewhat  higher  at  1550  nm  (=*  0.4  dB) 
than  at  1310  nm  («  0.1  dB).  The  data  shows,  within 
experimental  error,  that  as  the  intensity  of  the  profile 
imperfection  line  deceases,  the  bend  loss  increases.  Therefore, 
the  imperfection  line  coupled  with  discrete  bend  loss 
measurements  can  be  used  to  determine  the  uniformity  of  the 
bend  loss  as  a  function  of  fiber  length  in  addition  to  estimating 
the  maximum  bend  loss  over  the  entire  length.  This  technique 
allows  the  bend  loss  to  be  evaluated  over  the  entire  fiber  length 
without  increasing  the  risk  of  damaging  the  fiber  because  of 
increased  handling. 
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FIGURE  1. 


4.  FOG-V  SYSTEM  ANALYSES 

Systems  analyses  were  performed  to  determine  the  maximum 
deployment  range  for  single  and  dual  bobbin  systems151.  Table 
III  shows  the  fiber  parameters  used  to  develop  the  analyses. 
The  -32°C  wound  bobbin  loss  (intrinsic  +  added)  and  the 
induced  loss  from  a  single  peel  point  was  used  in  the  single 
bobbin  analyses;  the  -46°C  wound  bobbin  loss  and  twice  the 
peel  point  induced  loss  was  used  in  the  dual  bobbin  analyses. 
Digital  video  transmission  from  the  vehicle  was  assumed  to 
occur  at  180  Mb/s  and  digital  control  signals  were  assumed  to 
occur  at  1-2  Mb/s.  The  spectral  width  of  MLL  laser  sources 
was  assumed  to  be  3  nm;  frequency  "chirp”  of  SLL  laser 
sources  was  neglected.  The  mean  distance  between  splices  was 
10  km.  The  receiver  sensitivities  (200  Mb/s,  10"9  bit  error  rate) 
used  were  -37  dBm  and  -47  dBm;  -5  dBm  and  1  dBm  was  used 
for  the  transmitter  power.  A  3  dB  system  margin  was  used  in 


all  cases.  Tables  IV  and  V  show  the  maximum  deployment 
range,  for  various  system  configurations  of  single  and  dual 
bobbin  systems.  The  dispersion-limited  (shaded  regions)  and 
attenuation-limited  region  were  determined.  The  AccuTether 
100  design  was  optimized  for  lower  intrinsic  loss  and  has  a 
higher  bend  loss  sensitivity.  This  tradeoff  results  in  higher 
added  loss  on  the  bobbin(s)  at  low  temperature  which 
dominates  other  loss  mechanisms  and  is  responsible  for  the 
reduced  deployment  range  of  the  dual  bobbin  system  relative 
to  the  single  bobbin  system.  Hov/ever,  the  AccuTether  100 
design  will  easily  support  applications  such  as  the  NLOS 
FOG-V  program.  The  AccuTether  200  design  has  the  greatest 
possible  range  with  conventional  MLL  sources  and  will 
support  the  50  km  range  goal  of  aerial  dual  bobbin  systems.  It 
also  has  the  greatest  potential  for  a  100  km  range  using  a 
-1550  nm  SLL  WDM  scheme.  Fiber  X  requires  a  SLL  laser 
source  for  video  in  order  to  achieve  a  50  km  range  becau  :e  of 
its  dispersion  characteristics. 
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5.  RADIATION-INDUCED  LOSS 


TABLE  VI.  RADIATION  SENSITIVITIES 
(mdB/(km-rad)) 


In  tactical  applications,  such  as  FOG-V,  the  survivability  of  the 
system  after  exposure  to  nuclear  radiation  is  extremely 
important.  Usually,  the  fiber  is  the  most  susceptible  component 
of  the  system  to  nuclear  radiation.  The  radiation  response  of 
the  AccuTether  100  and  AccuTether  200  was  measured  at  1310 
nm  and  1550  nm  using  EIA/TIA-FOTP-49A,  "Procedure  for 
Measuring  Gamma  Irradiation  Effects  in  Optical  Fibers  and 
Cables"  at  -32°C,  26°C,  and  63°C.  A  60 Co  source  was  used  to 
deliver  3000-6000  rads  of  gamma  radiation  at  a  dose  rate  of  50 
rads/s.  The  radiation-induced  loss  generally  increases  as  the 
irradiation  temperature  is  decreased;  therefore,  the  radiation 
response  of  the  fibers  at  -32°C  represents  the  worst  case.  Figure 
2  shows  the  radiation  response  at  1310  nm  and  1550  nm  of  the 
(a)AccuTether  100  and  (b)AccuTether  200  after  a  3000  rad 
exposure  at  -32°C.  Both  fiber  designs  exhibited  excellent 
resistance  to  radiation-induced  loss.  Table  VI  lists  the  radiation 
sensitivities  at  1310  nm  and  1550  nm  for  the  AccuTether  100 
and  AccuTether  200  at  -32°C,  26°C,  and  63°C.  The  radiation 
sensitivity  is  defined  as  the  peak  radiation-induced  loss  divided 
by  the  total  radiation  dose,  and  may  be  used  to  estimate  the 
expected  radiation-induced  loss  for  doses  between  0-10  krads 
since  the  relationship  between  the  radiation-induced  loss  and 
the  total  radiation  dose  is  approximately  linear  in  that  region.*6' 
[71 

The  AccuTether  100  design  was  also  exposed  to  a  transient 
radiation  environment.  Figure  3  shows  the  radiation-induced 
loss  at  1310  nm  and  1550  nm  of  the  AccuTether  100  design 
during  and  after  exposure  to  a  radiation  dose  of  about 
1.4  x  1010  rads(Si)/s  at  -32°C.  The  maximum  radiation- 
induced  loss  was  about  140  dB/km  at  1310  nm  and  75  dB/km 
at  1550  nm;  after  a  10s  recovery  period  the  radiation-induced 
loss  approached  zero. 


6.  CONCLUSIONS 

Three  fiber  designs  were  evaluated  for  resistance  to  peel  point 
bend-induced  loss.  A  non-contact  method  for  evaluating  the 
peel  point  bend-induced  loss  over  the  entire  fiber  length  was 
presented.  This  method  will  increase  the  overall  reliability  of 
the  FOG-V  system  because  the  bend  loss  can  be  evaluated  over 
the  entire  fiber  length  without  increasing  the  opportunity  for 
damage  by  additional  handling.  System  analyses  were 
performed  for  the  fiber  designs  considered  in  this  work.  The 
AccuTether  200  offers  the  greatest  ranges  (  >  60  km)  using 
MLL  laser  sources  and  has  the  greatest  potential  of  achieving  a 
100  km  range.  The  radiation  performance  was  evaluated  for 
the  AccuTether  100  and  200  designs  in  steady  state  and 
transient  radiation  environments.  Both  designs  exhibited 
significant  recovery  after  removal  from  the  radiation  field  at  all 
temperatures  and  radiation  environments. 
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ABSTRACT 

An  optical  fiber  product  pre-coated  with  a  polymeric 
adhesive  material  has  been  developed  for  Fiber  Optic 
Guided  Vehicle  applications.  The  product  allows  the 
continuous,  uninterrupted  winding  of  bobbin  packages. 
Stabilization  of  the  package  is  accomplished  by  a  post¬ 
winding  thermal  treatment  to  develop  a  prescribed  bond 
strength  between  fibers  on  the  bobbin.  Wound  bobbins 
stabilized  with  the  preapplied  adhesive  have  performed 
well  in  payout  at  -50,  -18  and  25°C.  The  properties  of  the 
adhesive  are  stable  through  a  lifetime  storage  under  the  Hot 
Climatic  Type  storage  conditions  of  MIS  40921  and 
through  the  humidity  aging  prescribed  by  MIL-STD  810D. 


INTRODUCTION 

Fiber  Optic  Guided  Vehicle  (FOG-V)  applications  utilize 
optical  fiber  precision  wound  on  a  pay-out  bobbin  to 
provide  communication  between  the  vehicle  and  the  control 
station.  The  optical  fiber  package  must  be  stabilized  to 
maintain  the  precision  wind  configuration  during  shipment 
and  storage  prior  to  use  and  to  provide  stable  high-speed 
payout.  Current  FOG-V  technologies  in  most  of  the 
industry  utilize  silicone  adhesives  for  stabilizing  the  fiber 
on  a  bobbin.  In  one  procedure,  a  solution  of  the  silicone 
adhesive  is  sprayed  over  the  surface  of  each  layer  of  fiber 
as  the  layer  is  completed  during  the  bobbin  winding 
process.  These  processes  result  in  excess  adhesive  in  the 
package,  which  can  affect  fiber  loss  and  the  reliability  of 
the  payout,  and  expose  the  fiber  coating  to  the.effects  of 
solvents  for  relatively  extended  periods.  The  spray-on 
process  in  particular  yields  a  variable  distribution  of 
coating  and  requires  a  drying  interval  after  each  layer  is  put 
on  to  allow  the  solvent  to  evaporate  from  the  adhesive. 
Winding  mistakes  are  difficult  to  correct.  Finally,  with 
these  systems  the  reliability  of  bobbin  payout  throughout 
the  deployment  temperature  range  has  not  been 
demonstrated  to  date. 

Preapplication  of  a  stabilizing  adhesive  to  the  fiber  prior  to 
winding  a  bobbin  was  proposed  to  address  the  problems 
inherent  in  other  packaging  techniques.  In  this  technology, 
an  adhesive  material  with  appropriate  properties  is 
concentrically  coated  on  fiber  through  a  solution  process. 
The  solvent  is  immediately  flashed  off,  leaving  the 


adhesive  in  a  uniform,  thin  layer  on  the  fiber.  Figure  1.  The 
adhesive-coated  fiber  is  taken  up  on  a  spool  and  stored  until 
needed  for  bobbin  winding.  After  precision  winding,  the 
bobbin  package  is  stabilized  by  developing  a  controlled 
level  of  adhesion  through  a  thermal  treatment.  The 
winding  step  itself  is  simplified  and  speeded  up  with  a 
preapplied  adhesive  on  the  fiber,  as  shown  schematically  in 
Figure  2. 

FIGURE  t.  CONCEPT  FOR  ADHESIVE  COATED 
FIBER  FOR  FOG-V 


ADHESIVE  LAYER 
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PRECISION  WOUND 
ON  DOBBIN 


A  preapplied  adhesive  fiber  product  has  been  developed 
which  meets  the  requirements  for  FOG-V  applications, 
Figure  3,  and  which  has  been  successful  in  bobbin  payout 
experiments  at  -50,  -18  and  25°C  as  summarized  in  Table  I. 
This  paper  focuses  on  the  study  of  material  properties 
which  has  led  to  the  introduction  of  the  preapplied  adhesive 
product  for  FOG-V  designs. 
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FIGURE  2.  COMPARISON  OF  SPRAY-ON  AND  PREAPPLIED 
PROCESSES  FOR  FOG-V  BOBBINS 


SPRAY-ON  PROCESS  PREAPPUED  PROCESS 


DEVELOPMENT 

Materials 

Several  promising  polymers  for  the  preapplied  adhesive 
concept  were  evaluated  against  the  requirements  listed  in 
Figure  3.  The  material  chosen  to  develop  the  product  is 
referred  to  as  "the  adhesive"  through  the  remainder  of  the 
paper. 

FIGURE  3.  FOG-V  PREAPPLIED  ADHESIVE  FEATURES 
FEATURE  REQUIREMENT.  MET 

HIGH  To  SMOOTH.  REUABIE  HIOH  SPEED 

payoft  -so  to  »oc 

UHIFORM,  THIN  COATING  ECONOMY  OF  ADHESIVE  FOR  A 

STABLE.  RELIABLE  PACKAGE  WITH 
MINIMAL  EFFECT  ON  FIBER  LOSS 

SUCK  SURFACE  EASE  OF  BOBBIN  WINDING, 

SMOOTH  PAYOFF  IN  BOTH  "EASY" 
AND  "HARO"  DIRECTIONS 

WINDING  MISTAKES  CORRECTABLE  EASE  OF  BOBBIN  WINDING 

NO  SOLVENTS  EASE  OF  BOBBIN  WINDING,  NO 

SOLVENTS  IN  CONTACT  WITH 
FIBER  COATING 

PEEL  PROPERTIES  INDEPENDENT  OF  SMOOTH,  REUABLE  HIGH  SPEED 
TEMPERATURE  THROUGHOUT  THE  PAYOFF  -50  TO  *0C 

DEPLOYMENT  ENVIRONMENTAL  RANGE 

THERMALLY  AND  HYDRO UT1CALLY  STABLE  PROPERTIES  THROUGH 

STABLE  STORAGE  AND  USE  CONDmONS 

The  dynamic  mechanical  properties  of  the  adhesive  were 
determined  in  shear  with  a  Rheometrics  RDS-2 
instrument,  measuring  the  elastic  and  viscous  components 
of  the  dynamic  shear  modulus  at  frequencies  from  0.1  to 
100  radians/second  and  temperatures  from  27  to  103°C. 
Time-temperature  superposition  techniques111  121  were 
applied  to  generate  a  master  cur/e  of  modulus  versus 
reduced  frequency  for  the  adhesive,  Figure  4. 

Processing 

The  adhesive  is  applied  to  the  fiber  in  a  continuous  process 
comprising  a  preapplication  fiber  diameter  monitor,  an 
adhesive  applicator,  a  concentricity  monitor,  a  solvent 


removal  system  and  a  post-application  diameter  monitor. 
The  process  accomplishes  the  application  of  a  consistent, 
thin,  concentric  layer  of  adhesive,  keeping  the  volumetric 
contribution  to  the  wound  bobbin  to  a  minimum. 


FIGURF.  4.  MASTER  CURVE  AND  SHIFT  FACTORS 
FOR  THE  PREAPPLIED  ADHESIVE 


Bobbin  Model 

A  model  of  the  FOG-V  bobbin,  Figure  5,  was  designed  in 
order  to  study  effectively  the  relevant  parameters  for 
producing  a  stable  FOG-V  package  without  having  to  wind 
large  numbers  of  actual  bobbins.  These  mandrel  packages, 
usually  comprising  6  layers,  can  be  precision  wound 
rapidly  with  a  small  amount  of  fiber.  Following  the 


FIGURE  5.  MANDREL  MODELING  OF  FOG-V  BOBBIN 


ADVANTAGES 

-SMALL  AMOUNT  OF  FIBER 
-RAPID  PRODUCTION 

-RAPID  EXPLORATION  OF 
PRODUCTION  AND 
ENVIRONMENTAL  PARAMETERS 
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conditioning  step,  the  force  to  peel  the  fiber  from  the 
package  is  determined  with  an  Instron  tensile  tester  at  a 
peel  speed  of  100  inches/minute. 

Package  Consolidation  With  Preapplied  Adhesive 

Mandrels  wound  with  adhesive  coated  fiber  were 
consolidated  (heat  treated  to  develop  adhesion  between  the 
fibers,  stabilizing  the  package)  at  70  and  80°C  for  various 
times,  after  which  the  fiber  peel  force  was  determined  at 
25°C.  The  results  are  shown  in  Figure  6,  where  the  peel 
force  for  each  layer  on  the  mandrels  is  given  as  a  function 
of  the  consolidation  time.  Overall,  the  level  of  adhesion 
developed  at  80°C  is  virtually  constant  from  30  to  3000 
minutes  of  treatment.  To  insure  a  uniform  level  of 
adhesion  throughout  packages  while  keeping  thermal 
exposure  low,  a  consolidation  treatment  of  100  minutes  at 
80°C  is  preferred. 


FIGURE  6.  MANDREL  PEEL  FORCE  WITH  CONSOLIDATION 
TIME  AT  70  AND  80  DEGREES  CELSIUS  FOR  PREAPPLIED 
ADHESIVE  FIBER 


RELIABILITY 

Adhesive  Long-Term  Mechanical  Properties 

MIS  40921  gives  environmental  criteria  for  Non-Line-of- 
Sight  Fiber  Optic  Guided  Missile  reliability  evaluations. 
The  requirement  for  temperature  extremes  is  10  years 
storage  under  the  Hot  Climatic  Type  given  in  section 
3.3.4. 1  of  the  specification.  These  conations  are  equivalent 
to  8  days  at  85°C  in  their  effects  on  the  mechanical 
properties  of  the  adhesive,  as  discussed  below.  Adhesive 
coated  fiber  was  wound  on  a  set  of  mandrels,  which  were 
then  consolidated  at  80°C  for  100  minutes.  These  mandrels 
were  then  aged  at  85°C  and  ambient  humidity.  At  8  days 
and  16  days,  sets  of  mandrels  were  removed  and  peel  tested 
at  25  and  -70°C  at  100  inches/minute.  The  peel  results  are 
shown  in  Figure  7. 

Aging 

Films  of  the  adhesive  approximately  0.2  mm  thick  were 
cast  from  solution.  Specimens  cut  from  the  films  were 
aged  5  days  at  125°C  and  ambient  RH,  7  days  at  95°C  and 
ambient  RH,  or  7  days  at  95°C  and  95  percent  RH.  The 


FIGURE  7.  ADHESIVE  PRE-COATED  FIBER 
ACCELERATED  MECHANICAL  PROPERTIES  AGING 
MANDREL  PEEL  FORCE  versus  TIME  AT  85C 


CONTROL  8  DAYS  850  16  DAYS  850 

TREATMENT 


CONTROL  8  DAYS  85C  16  DAYS  85C 

TREATMENT 


dynamic  mechanical  properties  were  measured  in  shear  at  I 
radian/second  from  25  to  120°C  with  the  Rheometrics™ 
RDS-2  spectrometer,  Figures  8  - 10. 


FIGURE  8.  MECHANICAL  PROPERTIES  OF  THE 
ADHESIVE  AGED  7  DAYS  AT  95C  AND  95*  RH 


IE+10 


1E+ 05 


40  60  80  100  120 

TEMPERATURE,  degrees  Celsius 


114  International  Wire  &  Cable  Symposium  Proceedings  1990 


FIGURL  9.  MECHANICAL  PROPERTIES  OF  THE 
ADHESIVE  AGED  7  DAYS  AT  95C 
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FIGURE  11.  SCHEMATIC  OF  MIL-STD  8 10D 
TEMPERATURE/HUMIDITY  CYCLE 


TIME,  HOURS 


FIGURE  10.  MECHANICAL  PROPERTIES  OF  THE 
ADHESIVE  AGED  5  DAYS  AT  125C 
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FIGURE  12.  MANDREL  PEEL  TEST  FOR  THE  ADHESIVE 
PRECOATED  FIBER  AFTER  MIL-STD  810D  TEMPERATURE- 
HUMIDITY  CYCLING 
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Humidity  Effects  on  Peel 

MIL-STD  810D  prescribes  a  conditioning  procedure  for 
military  materiel  to  test  the  effects  of  deployment  in  a 
humid  environment.  Figure  11  shows  a  schematic  of  the 
cycle.  After  ten  cycles,  appropriate  properties  of  the  test 
subject  are  to  be  examined.  Mandrels  were  woi  nd  with 
pre-applied  adhesive  fiber,  consolidated  for  100  n  inutes  at 
80°C  and  placed  in  an  environmental  chamber  programmed 
to  conform  to  the  MIL-STD  810D  temperature  and 
humidity  cycling  requirement  Specimens  were  removed 
and  peel  tested  at  25°C  after  6  days  and  after  10  days. 
Other  consolidated  mandrels  were  corlditioned  with  the 
temperature  cycle  only,  and  also  tested  at  6  and  10  days. 
The  results  are  in  Figure  12. 

Films  of  the  adhesive  were  conditioned  for  10  days  per 
MIL-STD  810D  to  examine  the  effects  on  the  mechanical 
properties.  Microtensile  specimens  from  these  films  were 
pulled  on  an  Instron  tensile  tester  at  10  mm/minute  to 
obtain  the  tensile  modulus  and  yield  stress  for  the  films 
before  and  after  the  conditioning  (Table  II). 


DISCUSSION 

The  glass  transition  temperature  of  the  adhesive  is 
approximately  70°C,  so  that  at  room  temperature  the 
adhesive  provides  a  slick  surface  to  the  pre-coated  fiber, 
aiding  in  bobbin  winding.  Bobbin  winding  proceeds 
uninterrupted  with  no  exposure  of  the  fiber  to  solvents. 
Winding  mistakes  are  easily  correctable,  in  contrast  to  the 
spray-on  process  which  stabilizes  each  layer  as  the  bobbin 
is  wound. 

The  stabilization  of  the  pre-applied  adhesive  fiber  package 
on  a  FOG-V  bobbin  depends  on  the  migration  of  adhesive 
molecular  segments  across  the  boundary  between  adjacent, 
adhesive-coated-fiber  turns.  The  rate  of  migration  depends 
in  turn  on  the  molecular  mobility  within  the  polymer. 
Figure  13  shows  how  the  time  dependent  mechanical 
properties  of  the  adhesive  control  the  process.  The  time 
scales  at  25°C  and  80°C  are  used.  The  material  in  the 
glassy  zone  of  behavior  exhibits  very  low  molecular 
mobility  and  has  a  slick,  tack-free  surface,  hence  the  pre- 
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coated  fiber  may  be  spooled  and  stored  at  25°C  until 
needed  for  bobbin  winding.  In  a  time  scale  in  which  the 
material  enters  the  transition  zone  of  mechanical  response, 
molecular  motion  begins  to  increase.  In  the  rubbery  zone, 
polymer  segments  are  mobile  enough  to  cross  the 
boundaries  between  adjacent  fibers  to  a  significant  degree, 
inter-penetrating  to  form  an  adhesive  bond.  In  the  terminal 
zone  (not  shown  in  Figure  13)  the  inter-layer  penetration 
erases  the  boundaries,  and  the  adhesive  coating  becomes  a 
uniform  continuum  between  fiber  segments. 


FIGURE  13.  MECHANICAL  MODEL  FOR  THE  DEVELOPMENT 
OF  BONDING  BETWEEN  ADHESIVE  PRE-COATED  FIBER 


The  payout  properties  of  the  adhesive  are  also  controlled  by 
the  mechanical  properties.  Figure  14  gives  master  curves 
of  the  mechanical  properties  of  the  adhesive  referenced  to 
25°C  and  to  60°C,  the  latter  being  the  highest  ambient 
temperature  at  which  payout  of  a  FOG-V  bobbin  would  be 
required.  Bobbin  payout  speeds  of  750  -  900  feet/second 
induce  strain  rates  in  the  adhesive  layer  on  the  fiber  of  2  to 
4  X  107  sec-1.  (These  strain  rates  correspond  to 
frequencies  of  the  order  of  107  rad/second  in  the  master 
curves  in  Figure  14.)  At  such  rates  the  mechanical 
response  of  the  adhesive  remains  glass-like  from  -50  to 
60°C,  hence  the  payout  characteristics  of  bobbins  stabilized 
with  the  preapplied  adhesive  are  similar  in  all  deployment 
environments. 


The  intent  of  the  preferred  consolidation  treatment  of  100 
minutes  at  80°C  is  to  provide  an  adhesion  level  that  is 
stable  for  very  long  times  at  environmental  temperatures. 
The  Hot  Climatic  Type  storage  environment  from  MIS 
40921,  shown  schematically  in  Figure  15,  represents  the 
extreme  thermal  exposure  for  FOG-V  bobbins.  The  effects 
of  this  environment  may  be  examined  through  accelerated 
aging  by  applying  the  shift  factors  obtained  in  the  treatment 
of  the  mechanical  data. 


Table  III  breaks  the  temperature  profile  of  Figure  15  into 
the  average  ambient  and  induced  temperature  for  each  of 
the  24  hours  in  the  dayJ3'  The  sum  of  the  times  at  the 
various  induced  temperatures  may  be  convened  to  an 
equivalent  time  at  a  single  constant  temperature  for  the 
purpose  of  evaluating  the  effect  on  the  mechanical 
propenies  of  the  adhesive.  To  do  this  the  shift  factors  or 


FIGURE  14.  PREAPPLIED  ADHESIVE  MASTER  CURVES 
E*  versus  REDUCED  FREQUENCY,  REFERENCED 
25C  AND  60C. 


MASTER  CURVE.  Tr*f  =  25C 


MASTER  CURVE.  Tnl  =  60C 


FIGURE  15.  HOT  CLIMATIC  TYPE  STORAGE 
ENVIRONMENT.  MIS  40921,  SECTION  3.3.4. 1 
INDUCED  CONDITIONS 


acceleration  factors  obtained  from  the  dynamic  mechanical 
properties,  Figure  4,  are  applied  as  follows: 

t(Tref)  =  Jt(T)aTJT  (1) 

T 

where  Trtf  is  the  constant  temperature  of  choice,  t(T)  is  the 
time  as  a  function  of  temperature  describing  the  24  hour 
temperature  profile,  and  a-f  is  the  shift  factor  at  temperature 
T  relative  to  Tref.  In  this  work,  instead  of  a  continuous 
time-temperature  function  the  induced  temperatures  in 
Table  in  were  used  to  approximate  by 
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*aV)«Z[ta,<)ar^/«rl]  (2) 

I 

A  treatment  of  eight  days  at  85°C  is,  by  equation  (2), 
equivalent  to  10  years  under  the  Hot  Climatic  Type  storage 
conditions  in  terms  of  the  effects  on  the  mechanical 
properties  of  the  adhesive.  Mandrels  wound  with  adhesive 
coated  fiber  consolidated  at  80°C  were  given  heat 
treatments  of  8  and  16  days  at  85°C,  by  equation  (2) 
equivalent  in  the  effect  on  the  mechanical  properties  of  the 
adhesive  to  10  and  20  years,  respectively,  in  the  hot  storage 
environment.  The  peel  properties  at  room  temperature  and 
-70°C  were  unchanged  after  the  treatment,  Figure  7, 
demonstrating  the  mechanical  stability  of  the  adhesive  in 
this  use. 

Figures  8-10  show  the  adhesive  to  be  stable  against 
thermal  and  hydrolytic  chemical  aging  as  well.  These 
conditioning  parameters  are  severe,  but  minimal  impact  on 
the  mechanical  properties  is  evident.  In  the  95°C/95%  RH 
aging,  Figure  8,  moisture  is  taken  up  by  the  material, 
evidenced  by  opacity  in  the  films,  but  the  aged  samples 
behave  identically  with  the  control.  The  effects  of  95  and 
125°C  dry  aging  are  similar,  Figures  9  and  10.  (The 
increase  of  8  -  10  degrees  in  the  glass  transition 
temperature  relative  to  the  control  may  be  due  to  loss  of 
residual  solvent  acting  as  a  plasticizer.  This  effect  is  under 
further  study.) 

The  adhesive  is  also  stable  under  the  conditions  prescribed 
by  MIL-STD  810D  for  high  temperature-high  humidity 
environments.  The  bond  developed  between  pre-coated 
fiber  turns  is  found  to  be  unaffected  by  the  conditioning 
regimen,  Figure  12.  Likewise,  the  tensile  properties  of 
films  treated  per  MIL-STD  810D  show  no  significant 
change  after  the  aging  period,  Table  HI. 

CONCLUSIONS 

An  optical  fiber  pre-coated  with  a  preferred  adhesive 
material  has  been  developed  as  a  product  for  use  in  Fiber 
Optic  Guided  Vehicle  bobbin  packages.  The  product 
exhibits  advantages  in  facilitating  FOG-V  bobbin  winding, 
in  economy  of  material  used,  in  the  long-term  reliability  of 
the  stabilized  fiber  optic  package,  and  in  the  reliability  of 
the  bobbin  payout.  The  adhesive  material  is  mechanically 
and  chemically  stable  for  lifetime  storage  and  deployment 
in  the  environments  specified  by  MIS  40921  and  MIL-STD 
810D. 

FUTURE  WORK 

Second  generation  adhesive  resins  are  under  study  for  pre- 
coated  fiber.  These  resins  have  higher  Tg's  than  the  current 
preferred  material,  which  suggests  the  potential  that  the 
level  of  adhesion  between  fiber  segments  could  be  tailored, 
and  that  this  adhesion  level  would  be  stable  through  the 
storage  and  use  conditions  required  for  FOG-V  bobbins. 
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TABLE  I.  PRELIMINARY  BOBBIN  PAYOUT  RESULTS 
WITH  USE  OF  PREAPPLIED  ADHESIVE 


NUMBER  OF  PAYOUT  PAYOUT  PERFORMANCE 

LAYERS  SPEED,  fps  TEMP.  d«g  C 

\ 

7 

750 

(50)  _ 

EXCELLENT 

T~ 

9 

600 

(50) 

EXCELLENT 

3 

12 

600 

25 

FAIL  (UNKNOWN) 

4 

25 

600 

25 

EXCELLENT 

5 

21 

600 

25 

EXCELLENT 

6 

31 

600 

25 

EXCELLENT 

7 

25 

600 

25 

EXCELLENT 

n 

21 

600 

25 

EXCELLENT 

9 

21 

750 

25 

EXCELLENT 

10 

15 

750 

(18) 

EXCELLENT 

11 

7 

750 

25 

EXCELLENT 

12 

15 

750 

(18) 

EXCELLENT 

13 

19 

750 

25 

EXCELLENT 

TABLE  II.  ADHESIVE  TREATED  PER  MIL-STD  810D 
TENSILE  MODULUS  AND  YIELD  STRESS 


TREATMENT  TEST  TENSILE  YIELD 

TEMPERATURE  MODULUS  STRESS 


CONTROL 

25  C 

172.000  psl 

6100  psl 

CONTROL 

80  C 

250  psl 

110  psl 

MIL-STD  810D 

25  C 

149,000  psl 

5590  psl 

MIL-STD  8  !QD 

80  C 

230  psl 

224  psl 
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TABLE  III 

HOURLY  AVERAGE  TEMPERATURES  IN  HOT  CLIMATIC  TYPE 
STORAGE  CONDITIONS  FOR  FOG-V  CANISTERS 


AMBIENT  TEMPERATURE 

INDUCED  TEMPERATURE 

LOCAL  TIME 

degrees  Celsius 

degrees  Celsius 

0100 

35 

35 

0200 

34 

34 

0300 

34 

34 

0400 

33 

33 

0500 

33 

33 

0600 

32 

33 

0700 

33 

36 

0800 

35 

40 

0900 

38 

44 

1000 

41 

51 

1100 

43 

56 

1200 

63 

1300 

<7 

69 

1400 

48 

70 

1500 

48 

71 

1600 

49 

70 

1700 

48 

67 

1800 

48 

63 

1900 

46 

55 

2000 

42 

46 

2100 

41 

41 

2200 

39 

39 

2300 

38 

37 

2400 

37 

35 
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DESIGN  AND  DEVELOPMENT  OF  AN 
IMPROVED  FIELD  DEPLOYABLE  OPTICAL  CABLE 


C.  S.  Pegge,  K.  G.  Hodge,  M  P.  Knott,  B.  J.  Elliott 


BICC  Cables  Limited,  Helsby,  England 


ABSTRACT 

The  subject  of  this  paper  is  a  smaller 
diameter,  lighter  weight,  all  dielectric  optical  cable 
with  superior  performancj  to  current  field 
deployable  optical  cables.  This  innovative 
development  produced  a  cost  competitive,  high 
performance  cable  assembly  offering  a  degree  of 
mechanical  integrity  and  user  friendliness  not 
previously  achieved  in  field  deployable  cable 
systems. 

A  prototype  of  an  improved  cable  system  has 
been  manufactured.  Of  particular  note,  this 
product  offers  superior  crush,  bend  and  kink 
resistance  whilst  minimising  weight  and  diameter. 


MARKET  ASSESSMENT 

The  criteria  identified  as  boundary  conditions 
for  the  improved  design  were  as  follows; 

•  Four  high  performance  50/125  dual 
window  multimode  fibres. 

•  Target  cable  diameter  of  5.2mm 

•  Target  cable  weight  of  25  kg/km 

•  Cable  assembly  optical  performance 
operating  temperature  range  -45°C  to 
+70°C. 

•  Cable  sheath  material  qualities;  flame 
retardant,  low-toxicity,  abrasion 
resistant  and  flexible  over  wide 
temperature  range. 

•  Improved  optical  connector 
performance;  facilitating  fast  and 
easy  in  the  field  repair. 

•  Rugged  light  weight  cable  deployment 
reel. 

MODEL  OF  CABLE 

BICC's  current  field  deployable  cable  design 
employs  conventional  fibre  strain  margin  to  protect 
the  optical  fibres  from  mechanical  and 
environmentally  induced  strain.  In  recognition  of 
the  superior  behaviour  of  modern  fibres  the  basis 


for  the  improved  design  allows  the  fibres  to  see 
strain.  This  facilitates  a  smaller  optical  unit  which 
can  be  positioned  in  the  centre  of  the  cable 
structure  placing  the  fibres  closer  to  the  neutral  axis 
of  the  construction.  The  benefits  offered  by  this  are 
reduction  of  the  fibre  strain  induced  by  cable 
bending  and  torsion  and  reduction  of  the  overall 
size  of  the  cable.  The  size  and  weight  of  the  cable 
thus  reduced  enabled  the  strength  bearing 
component  to  be  incorporated  without  prejudicing 
the  strength  to  weight  ratio,  a  key  parameter  for 
deployable  cables. 

To  counter  the  effects  of  compressive  load  it 
is  normal  practice  to  add  a  relatively  high  radial 
thickness  of  sheath  material.  Since  the  sheath  is  a 
major  contributor  to  cable  weight  in  products  of 
this  type,  considerable  reduction  in  weight  can  be 
achieved  by  relatively  small  changes  in  sheath 
thickness.  Previous  work1-  has  shown  that  to 
increase  the  load  carrying  capacity  of  helically 
stranded  elements  one  must  interstitially  fill  the 
components  so  that  they  support  and  share  the 
load  when  the  whole  structure  is  under  lateral 
pressure. 

Analysis  of  the  resistance  of  multi-layer 
cylindrical  structures  to  lateral  pressure  has  given  a 
method  of  optimising  the  thickness  of  the  sheath 
material.  The  method  involves  balancing  the 
pressure  supported  by  the  optical  element  such 
that  no  attenuation  increment  is  observed  at  the 
total  pressure  specified  for  the  cable.  This  balance 
can  be  achieved  by  varying  the  relative  thicknesses 
of  each  of  the  layers.  The  equation  used  is  a 
formula  relating  lateral  pressure  and  deformation 
for  cylindrical  tubes  which  has  been  adapted  to 
multi-layer  structures  as  follow!:. 

Deformation  of  cylindrical  tube  under  lateral 

pressure: 


9  =  12 


(%  2 n  (1-72)  R3  P 
(^4‘rcj  E  t3L 


(eq.1) 


Where; 

9  =  Total  tube  deformation 
y  =  Poissons  ratio 
E  =  Young's  modulus  of  tube 
R  =  Outer  radius  of  tube 
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t  =  Thickness  of  tube  wall 
P  =  Lateral  load 

L  =  Length  of  tube  under  pressure 
Solution  for  multi-layer  tube: 

Deformations  in  each  layer  91(  92, 93, 94 

to . 9n  can  be  defined  by  equation  1  in  terms  of 

the  lateral  pressures  supported  by  each  layer  Pj  (for 
i  =  1  to  n),  and  the  individual  layer  dimensions  and 
moduli.  The  deformations  each  layer  would  have 
shown  were  they  carrying  the  total  load  P  can  be 
calculated  by  putting  P  in  the  equations  for  9t  (for  i  = 
1  to  n).  The  resulting  values  of  9  are  defined  as  9j‘  , 
these  are  related  to  the  total  deformation  of  the 
structure  A  by  the  following  equation; 


Once  the  overall  deformation  A  has  been 
found  values  of  Pjcan  be  calculated  by  assuming 

that  for  low  lateral  deformation  A  =  9,=  92=  9g  ,...=9n. 
This  gives  a  method  of  rating  the  performance  of 
different  cable  structures  such  that  the  pressure 
generated  in  the  optical  elements  is  at  a  level  which 
will  not  give  rise  to  attenuation. 

CABLE  DESIGN 

The  final  design  was  a  four  fibre,  rugged 
cable  providing  excellent  mechanical  protection 
within  the  minimum  sheath  dimensions,  see  figure 
1.  The  prototype  cable  diameter  is  nominally 
5.5mm  and  has  a  weight  of  approximately  27Kg/km 
compared  with  the  existing  BICC  field  deployable 
cable  design  which  is  10mm  in  diameter  and 
weighs  75  kg/km.  Based  on  the  experience  with  the 
prototype  there  is  scope  to  reduce  the  size  and 
weight  of  this  cable  further. 

Fibre 

The  fibre  type  selected  was  a  high  proof 
tested  (>1.5%)  50/125  pm  fibre  with  a  multi-buffered 
secondary  coating  up  to  850pm,  offering  good 
mechanical  protection  and  wide  temperature 
performance.  The  optical  and  geometrical 
parameters  for  the  fibre  are  as  follows; 

Attenuation  :  0.8dB/km  maximum 

at  1290nm±30nm 

Bandwidth  :  500MHz.km 

(measured  on  1km 
length)  at  1290nm 
±30nm 

Chromatic  dispersion  :  6ps/nm.km  maximum 

Numerical  aperture  :  0.2210.02 

Core  diameter  :  50pm  ±  6% 

Cladding  diameter  :  125pm  ±  2.4% 


Primary  coating  diameter  :  250pm  1 6% 

Proof  test  level  :  1.5% 

Inner  Sheath 

An  inner  sheath  is  incorporated  in  the  cable 
design  to  increase  protection  of  the  fibres  from 
compressive  forces.  The  inner  sheath  achieves  this 
in  two  ways,  firstly  it  locks  the  quad  structure 
together  such  that  the  tight  buffer  units  share  the 
load  imposed.  Secondly,  the  inner  sheath  material 
is  cellular,  the  inclusion  of  60pm  diameter  air 
bubbles  (40%  by  volume)  in  the  material  has  the 
additional  effect  of  cushioning  the  fibres  from 
lateral  pressure.  The  use  of  a  cellular  material  also 
has  the  benefit  of  being  low  in  density. 

The  circular  section  provided  by  the  inner 
layer  has  the  benefit  of  providing  a  surface  around 
which  to  distribute  the  strength  member  evenly.  It 
is  essential  to  have  a  uniform  formation  of  strength 
member  because  it  gives  the  cable  a  good  tensile 
performance  and  permits  the  loading  of  the  cable 
whilst  in  torsion  or  bending. 

Strength  Member 

The  requirement  was  for  a  non-metallic,  high 
specific  modulus  material  which  is  easily 
terminated.  An  aramid-polymer  yarn  was  an 
obvious  choice  for  the  strength  member  for  a  cable 
of  this  type.  The  optical  fibres  were  placed  as  close 
to  the  centre  of  the  cable  as  possible  in  order  to 
minimise  strains  induced  by  bending  so  the  use  of 
a  central  strength  member  was  therefore 
precluded.  Serving  the  aramid  yarn  around  the 
inner  sheath  provides  a  good  tensile  strength  whilst 
maintaining  cable  flexibility. 

The  cable  tensile  strength  is  designed  to  limit  fibre 
strain  to  0.50%  at  1,300  Kg.  The  0.50%  level 

equates  to  j ,  where  a  is  the  fibre  proof  stress  level 
chosen  to  ensure  satisfactory  fibre  lifetime. 

Outer  Sheath 

The  harsh  environment  in  which  this  cable 
will  have  to  operate  demands  a  superior  sheath 
material.  Features  identified  in  which  the  sheath 
material  must  excel  were,  flexibility  (especially  at 
low  temperatures),  flame  resistance,  low  density, 
high  tear  resistance  and  good  water  resistance.  It 
was  also  essential  that  the  sheath  material  was 
suitable  for  internal  and  external  applications. 

A  matrix  was  drawn  up,  evaluating  several 
commercially  available  materials  against  the 
requirements  identified.  From  this  evaluation  a 
flame  retardant  polyurethane  material  was 
selected. 
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SELECTION  OF  TERMINATION  SYSTEM 

Field  Deployable  Cable  Connector 
Requirements 

•  Maximum  number  of  channels  4 

•  Maximum  insertion  loss  2dB  with  50/125 
fibre 

•  Hermaphroditic  construction 

•  Expanded  beam  optics 

•  Ruggedised  to  military  specifications 

•  Field  terminable 

Features  of  Chosen  Connector  System 

The  Stratos  900  series  connector  (figure  2) 
was  chosen  following  a  thorough  evaluation  of 
suitable  connectors.  No  other  military  connector 
fully  satisfied  all  the  requirements.  The  ease  of 
termination  compared  to  other  connectors  was  also 
an  important  factor 2 . 

The  Stratos  900  series  uses  ferrules  from 
standard  430  series  single  fibre  connectors  which 
use  the  well  established  3-ball  alignment  technique. 
The  430  series  connector  is  one  of  the  standard 
multimode  connectors  which  has  been  used  by 
British  Telecom  in  the  junction  network. 

These  alignment  ferrules  or  inserts  fit  into  the 
rear  of  a  precision  machined  body  which  houses  up 
to  four  expanded  beam  lenses.  The  geometry  of 
this  body  is  optimised  with  the  optical  properties  of 
the  graded  index  rod  lenses  during  manufacture. 

This  approach  of  using  standard  alignment 
ferrules  and  a  factory  optimised  lens  body  means 
that  the  connector  can  be  terminated  with  the 
minimum  of  special  tooling  and  skills.  It  is  merely  a 
matter  of  terminating  the  fibres  onto  four  standard 
ferrules,  mounting  these  into  the  lens  body,  and 
assembling  the  connector  rear  end. 

DESIGN  OF  CABLE  DEPLOYMENT  REEL 

Key  parameters  for  the  cable  stowage  and 
deployment  reel  were  low  weight,  ease  of  access  to 
each  cable  end,  safe  stowage  of  the  connectors  and 
good  ergonomics  for  user  handling. 

The  eventual  design  (see  figure  3)  was  a 
pressed  metal  construction  which  offered  high 
mechanical  strength  with  a  surprisingly  low  net 
weight  (<10kg  for  a  capacity  of  500m  of  cable). 

CABLE  MANUFACTURING  TRIAL 

The  production  of  a  cable  of  this  type  lends 
itself  to  some  tandemisation  of  processes. 

However,  for  the  purpose  of  the  prototype 
manufacturing  trial  each  operation  was  carried  out 
individually  in  order  to  evaluate  the  effect  on  fibre 
performance.  A  summary  of  the  attenuation 
results  compared  before  and  after  manufacture  is 
included,  see  figure  4. 


The  inner  sheath  compound  was  selected  by 
looking  for  a  cellular  material  of  a  significantly  lower 
processing  temperature  than  the  melt  temperature 
of  the  fibre  secondary  coating.  This  was  done  in  an 
effort  to  ensure  no  effect  on  fibre  attenuation  and 
easy  separation  of  the  fibres  from  the  inner  sheath. 
In  order  to  minimise  cable  diameter  a  target 
thickness  for  the  inner  sheath  was  0.2mm.  The 
extrusion  conditions  for  this  process  were  critical 
because  dimensional  control  and  degree  of  'blow' 
of  the  cellular  material  were  competing 
requirements. 

During  the  laying  up  of  the  aramid-polymer 
yarn  the  tension  control  on  the  centre  element  and 
the  strength  members  was  adjusted  to  give  the 
required  load  bearing  characteristics  in  the  finished 
cable.  The  tension  settings  were  checked  and 
adjusted  throughout  the  operation  because  of  the 
decision  to  run  each  process  of  the  cable 
manufacture  separately  for  the  trial. 

A  special  precaution  must  be  made  at  final 
sheathing  to  dry  the  cable  before  extrusion.  It  was 
thought  necessary  to  run  the  cable  through  a 
heater  tube  on  line  to  drive  off  any  additional 
moisture  but  this  proved  unnecessary.  The 
extrusion  conditions  were  controlled  to  keep  sheath 
retraction  to  a  minimum.  It  is  known  that  retraction 
can  have  an  adverse  effect  on  cable  low 
temperature  performance. 

CONNECTOR  SYSTEM  TRIAL 
Termination  Trial 

The  cable  design  was  well  suited  to  the 
chosen  connector  system.  No  difficulties  were 
encountered  with  the  termination  trials.  The 
termination  of  the  optics  uses  a  standard  ferrule 
type,  because  of  this  failures  at  this  stage  are  rare. 
Consequently  the  projected  yield  figures  for  this 
connector  are  very  high. 

Connector  Qualification 

The  connector  has  been  subjected  to  a 
comprehensive  programme  of  mechanical  and 
environmental  tests.  These  tests  include 
temperature  and  humidity  exposure  for  prolonged 
periods,  2500  matings  without  degradation  of 
optical  performance,  vibration  and  water 
immersion  to  1m.  Considerable  numbers  of 
connectors  are  in  service  and  feedback  to  the 
connector  supplier  has  so  far  been  very  favourable. 

CABLE  TESTING 

The  full  cable  test  programme  consists  of  five 
groups,  optical,  cable  physical,  material,  cable 
environmental  and  material  environmental.  The 
tests  have  been  selected  from  the  British  MoD's 
Defence  Standard  60-1.  This  MoD  standard  is  a 
generic  document  from  which  suppliers  can  select  a 
relevant  subset  of  cable  test  methods.  The  test 
programme  for  this  product  is  detailed  below; 
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DEFSTHN' 

60-1 

clausa 

Parameter  to  be 
measured 

Relevant 

Specification 

Optical  Tests 

A1 

Spectra!  attenuation  (fibres 

BS  6558  Part  1 

&  Cables) 

App  D 

A2 

Radiation  angle  NA 

BS  6558  Part  1 
App  D4 

A3 

Bandwidth 

BS  6558  Part  1 
App  D3 

A4 

Refractive  Index  Profile 

BS  6558  Part  1 
App  D5 

|  Cable  Physical  Tests 

B2 

Cable  Tensile  Strength 

BS  6558  Part  1 
App  E3 

B3 

Cable  Torque  Test 

BS  6558  Part  1 
App  E7 

B4 

Cable  Flexing  Test 

BS  6558  Part  1 
App  E6 

B5 

Cable  Bend  Test 

BS  6558  Part  1 
App  E4 

B6 

Cable  Crush  Test 

BS  6558  Part  1 
App  E9 

B7 

Cable  Cyclic 

BS  6558  Part  1 

Bend 

App  E5 

B8 

Cable  Impact  Test 

BS  6558  Part  1 
App  E8 

B9 

Strain  Member  Security 

B12 

Cable  Sheath  Creep 

B13 

Cable  Abrasion  Test 

BS  6558  Part  1 
App  E2 

B14 

Dynamic  Cut  Through 

BS  G  2 1 2 

2.14.4 

B18 

Flammability 

BS  G230  test 
no.  28a)b) 

B21 

Cable  Snatch  Test 

BS  6558  Part  1 
App  E10 

N/A 

Knot  Test 

E1A  RS-455, 
FOTP  87 

|  Materials  Tests 

B15 

Notch  Propogation  Test 

BS  G230  test 
no.  27 

B16 

Thermal  Ageing 

BS5691:Part  1 

B17 

Ageing  in  Air 

BS  G212:2.6 

B20 

Tear  Resistance 

B6469 

DEFSTATT 

60-1 

clause 

Parameter  to  be 
measured 

Relevant 

Specification 

|  Cable  Environmental 

C.1.1 

A.  Cold 

BS  2011:2.1 

C.1.1 

B.  Dry  Heat 

BS  2011:2.1 

C.1.1 

Ca.  Damp  Heat 

BS  2011:2.1 

C.1.1 

Db.  Damp  Heat 

BS  2011:2.1 

C.1.1 

N.  Change  of  Temperature 

BS  2011:2.1 

N/A 

Ice  Crush  Test 

DOD  STD 

1678  Method 
4050 

Material 

Environmental 

C.2.5  & 
C.1.1 

R.  Resistance  to  Fluids 

BS  2011:2.1 

C.1.1 

J.  Mould  Growth 

BS  2011:2.1 

C.1.1 

Sr.  Radiation 

BS  2011:2.1 

C.2.1 

Smoke  Index 

NES  711 

C.2.2 

Toxicitv  Index 

NES  713 

C.2.3 

Oxygen  Index 

BS  2782  part  1 
method  141 

C.2.4 

Temperature  Index 

NES  715 

CABLE  TEST  RESULTS 

There  follows  a  selection  of  test  results  from 
the  comprehensive  range  detailed  above. 

Impact  Test 

Severity  20  impacts  of  2.5Nm 

impact  energy  at  -45°C, 
ambient  and  +70°C. 

Pass/fail  criteria  Maximum  attenuation 
change  ±0.05dB  after 
testing. 

No  permanent  damage  to  cable 
or  components 

The  major  challenge  encountered  in  this  test 
was  to  sample  the  optical  data  fast  enough  to  pick 
up  the  transient  effect  of  the  hammer  impact  on  the 
cable.  Computer  aided  data  acquisition  was  used 
to  store  the  data,  a  sampling  interval  of  100ms  was 
the  limit  of  the  output  of  the  optical  power  meter 
that  was  used.  Typical  results  were  as  figure  5. 


No  significant  difference  in  results  was 
observed  at  either  -45°C  or  +70°C.  Cable  samples 
examined  after  testing  showed  no  visible 
permanent  damage. 
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Outer  Sheath 


Cyclic  Bend 

Severity  3500  cycles,  10kg  load,  rate  1 

cycle/second 

Pass/fail  criteria  Maximum  attenuation  change 
±0.05dB 

No  permanent  damage  to  cable 
or  components 

Figure  6  shows  the  typical  attenuation  change 
monitored  during  a  cyclic  bend  test. 

Compression  Resistance 

Severity  1000N  on  a  cable  sample  length 

of  50mm.  Hold  load  for  10 
minutes 

Pass/fail  criteria  Maximum  attenuation  change 
+0.05dB 

No  permanent  damage  to  cable 
or  components 

The  mean  attenuation  results  from  five 
compression  tests  is  shown  in  figure  7,  the 
maximum  recorded  attenuation  change  in  any  one 
of  the  tests  was  0.05dB.  The  results  are  statistical  in 
nature  because  of  the  effect  of  geometrical 
positioning  of  the  fibre  being  monitored  relative  to 
the  compression  plates. 

CONCLUSIONS 

An  improved  field  deployable  optical  cable 
assembly  has  been  successfully  developed.  The 
cable  performance  is  superior  to  previous  designs 
and  through  exhaustive  testing  a  thorough 
understanding  of  the  limits  of  the  new  product  has 
been  established.  With  this  knowledge  of  margin 
on  the  performance  the  cable  design  has  been 
optimised  to  the  minimum  required  size  and 
weight.  By  virtue  of  this  optimization  this  product 
represents  a  cost  competitive  solution  to  the  user. 

The  targeted  market  for  this  product  is  in  the 
military  sphere.  However,  many  commercial 
opportunities  now  exist.  The  rugged  construction 
and  high  reliability  of  this  light  weight  optical  link 
lend  it  for  use  in  areas  such  as  building 
construction,  security,  and  geophysical 
applications.  Rapidly  deployable  optical  cables 
could  also  provide  reusable  temporary  repair  links 
for  fixed  terrestrial  optical  installations  of  all  types. 

The  future  for  field  deployable  cables  lies  in 
the  use  of  even  more  strain  tolerant  fibres  and 
smaller  cabling  packages.  One  could  envisage  the 
ultimate  system  of  a  fibre  or  fibres,  embedded  in  a 
single  matrix  which  performs  all  the  functions  of  the 
current  cable  components  and  lends  itself  to  full 
flexible  restoration  for  field  repairs.  Development 
in  new  materials  is  already  providing  potential 
composities  and  compounds  to  fulfil  such  a  role. 


Figure  2:  Stratos  Hermaphroditic  Expanded 
Beam  Connector 


Figure  3:  Cable  Deployment  Reel 
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Figure  4:  Attenuation  Summary  For 
Development  Cable 
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Figure  5:  Typical  Impact  Test  Results 
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Figure  6:  Typical  Cyclic  Bend  Test  Results 
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Figure  7:  Average  Compression  Test 
Results  From  5  Measurements 


0.5- 

0.4- 

a 

3 

0.3- 

& 

0.2- 

e 

• 

X 

0.1- 

O 

e 

o.o-l 

(0 

•0.1  - 

« 

9 

e 

•0.2  • 

• 

t 

•0.3  - 

< 

-0.4  - 

-0.5  4- 

o.o 


1  *  *  »  •  *  8  «  8 


B  850nm 
•  1300nm 

0.2  0.4  0.6  0.8  1.0  1.2 


Load  (Kg) 


Acknowledgements 

The  authors  would  like  to  thank  Ian  Knight  for 
co-ordinating  the  many  hours  of  testing  carried  out 
on  this  product  and  Martin  Davies  for  performing 
and  evaluating  the  termination  work  on  the 
prototype  assemblies.  Finally  the  assistance  of 
Andy  McKeown  of  the  Optical  Cable  Manufacturing 
unit  is  greatly  appreciated  for  his  effort  in  getting 
the  many  process  trials  succesfully  completed. 


References 

1.  "Designing  Compression  Resistance  in 
Loose  Tube  Cables",  P.  E.  Neveux,  W.  H.  Hatton, 
IWCS  Proceedings  1987. 

2. "Development  of  a  Ruggedised,  High 
Performance,  Field  Terminable,  Expanded  Beam 
Connector".  SPIE  O-E/Fibre  '87  Symposium  on 
Fibre  Optics  and  Integrated  Optoelectronics,  San 
Diego,  August  1987. 

3.  "Optical  Cable  Deformation  Characteristics 
Under  Lateral  Load".  N.  Mitsun  iga,  U.  Katsuyama, 
Y.  Ishida,  IEEE  J.  J64-B  No.2,  February  1981. 


124  International  Wire  &  Cable  Symposium  Proceedings  1990 


C.  S.  Pegge 

Chris  Pegge  has  worked  in  the  field  of  optical  cable 
and  connector  technology  since  graduating  from 
Bristol  University  with  an  honours  degree  in 
Mechanical  Engineering  in  1985.  He  joined  BICC  in 
1988  and  currently  holds  the  title  of  Group  Leader, 
Optical  Cable  Design  within  the  Helsby  Technology 
Centre.  This  centre  provides  a  central  research  and 
development  facility  in  optical  and  advanced 
material  technology  for  the  BICC  Group  worldwide. 


M.  P.  Knott 

Mike  Knott  is  Senior  Interconnect  Engineer,  Helsby 
Technology  Centre,  BICC  Cables.  He  received  his 
B.Sc.  in  Mechanical  Engineering  in  1985  at  UMIST, 
and  has  been  involved  in  fibre  optics  since  1987. 

He  is  currently  involved  with  the  development  of 
optical  interconnect  components. 


K.  G.  Hodge 

Ken  Hodge  graduated  from  Liverpool  University  in 
1981  with  a  B.Eng  in  Mechanical  Engineering.  After 
two  years  spent  on  BICC's  graduate  trainee  scheme 
he  joined  the  company  as  a  development  engineer 
in  short  haul  cabling.  He  has  been  involved  in 
optical  fibres  since  1983  and  is  now  Senior  Optical 
Cable  Design  Engineer  in  the  Helsby  Technology 
Centre. 


B.  J.  Elliott 

Barry  Elliott  graduated  from  Kent  University  with  a 
degree  in  Communication  Engineering  in  1982.  He 
is  a  Chartered  Electrical  Engineer  and  a  member  of 
the  Institution  of  Electrical  Engineering.  He  is 
currently  Product  Marketing  Manager  in  the 
DataComms  and  Defence  Unit  of  BICC  Cables’ 
Communications  and  Electronics  Division. 


International  Wire  &  Cable  Symposium  Proceedings  1990  125 


A  FOUR-FIBER  TACTICAL  CABLE 


W.  S.  Liu  and  K.  Kathiresan 
AT&T  Bell  Laboratories 
Norcross,  Georgia  30071 

J.  B.  Fluevog 
AT&T  Network  Systems 
Norcross,  Georgia  30071 


CABLE  DESIGN 


ABSTRACT 

The  design  and  development  of  a  four  optical-fiber 
cable  for  use  in  tactical  applications  have  been 
completed.  Development  effort  was  guided  by  the 
detailed  performance  criteria  given  in  the  military 
specification  DoD-C-85045C,  "General  Specification  for 
Fiber  Optics  Cables  (Metric)".  The  cable  employs  a 
50/125  nm  radiation-hardened  multimode  fiber.  The 
cable  outer  diameter  is  5.85  mm.  It  has  a  tensile  rating 
of  1780  N,  and  it  has  an  operational  temperature  range 
of  -46 'C  to  71  *C.  The  cable  design  is  similar  and  a 
complement  to  the  single-  and  two-fiber  single-mode 
and  multimode  tactical  cables  previously  developed  for 
the  U.S.  Army.  The  four-fiber  tactical  cable  was  tested 
to  the  specification  requirements  and  the  results  of 
optical,  environmental  and  mechanical  performance 
tests  are  presented  in  this  paper. 


The  cross-sectional  view  of  the  four-fiber  tactical  cable 
design  Is  given  In  Figure  1.  The  cable  design  is  all¬ 
dielectric  and  uses  the  50/125  /im  radiation-hardened 
multimode  fiber.  The  fiber  is  coated  with  a  dual 
acrylate  coating  which  is  mechanically  strippable.  The 
fiber  is  then  tight-buffered  to  a  0.9  mm  (.035  inch) 
diameter.  The  buffered  fibers  are  color-coded  with 
blue,  orange,  green,  and  brown  colors  for  identification 
purposes.  These  buffered  fibers,  which  comprise  the 
cable  core,  are  placed  in  the  cable  in  the  same  color 
sequence  given  above.  The  buffering  material  is  also 
mechanically  strippable  in  order  to  facilitate  repair  and 
connector  termination  in  the  field.  The  buffering 
material  was  chosen  to  minimize  microbending  losses 
induced  by  exposure  of  the  cable  to  temperature 
extremes  of  -46  °  C  and  71  *  C  and  to  meet  the  stringent 
mechanical  performance  requirements.  Aramid  yarns, 
which  are  the  main  tensile-load-carrying  members,  are 
stranded  over  the  buffered  fibers.  Appropriate  amount 
of  aramid  yarns  is  used  to  attain  the  1780  N  tensile 
rating.  A  flame-retardant  polyurethane  outer  jacket  is 
then  extruded  over  the  aramid  yarns. 


INTRODUCTION 

The  design  and  development  of  a  four  optical-fiber 
cable  for  use  in  tactical  fiber-optic  applications  have 
been  completed.  The  military  specification  DoD-C- 
85045C,  "General  Specification  for  Fiber  Optics  Ce’  les 
(Metric)",  provided  the  performance  requirement 
guidelines  for  the  design  ar.d  development  of  the  cable. 
The  cable  was  developed  for  use  in  radar  remoting, 
robotic  vehicle  control/communication,  and  other 
general  tactical  communication  system  applications. 
The  cable  uses  a  50/125  /rm  core/cladding  radiation- 
hardened  multimode  fiber.  Prior  to  cabling,  the  fibers 
are  prooftested  to  690  MPa  (100  ksi).  This  multimode 
cable  can  be  operated  at  both  the  850  nm  and  1300  nm 
wavelengths. 

The  operating  temperature  range  for  this  cable  is  -46  ’  C 
to  71 '  C.  The  design  criteria  for  the  four-fiber  cable  are 
similar  to  those  used  for  the  single-  and  two-fiber 
single-mode  and  multimode  tactical  cables  .previously 
developed  for  the  U.S.  Army  CECOMJ1!  ^  I3'  The 
design,  development  and  performance  test  results  for 
the  four-optical-fiber  tactical  cable  described  above  are 
presented. 


OPTICAL  FI3ER  (4) 

HYTREL  BUFFER  (4) 
KEVLAR  YARNS 


POLYURETHANE 

JACKET 


FIGURE  1.  Cross  Section  of  Four-Fiber  Tactical 
Cable 
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PERFORMANCE 

The  cable  was  subjected  to  all  the  required  optical, 
environmental  and  mechanical  performance  tests.  The 
fiber  was  also  subjected  to  a  battery  of  optical, 
mechanical  and  dimensional  requirements  before  it  was 
used  in  the  cable.  Typical  results  of  fiber  performance 
tests  can  be  found  in  Reference  4.  This  reference 
contains  temperature  cycling  and  accelerated  aging  test 
results  for  coated  fibers  as  well  as  buffered  fibers. 
Thus,  performance  was  evaluated  both  for  the  finished 
cable  and  the  individual  components.  In  the  cable 
performance  evaluation,  three  cable  samples  were  used 
for  each  environmental  and  mechanical  test. 

First  an  attenuation  test  was  conducted  for  the  finished 
cables.  Typically  the  cables  were  manufactured  in  1-km 
lengths.  The  attenuation  rate  results  for  multimode 
cables  at  850  nm  and  1300  nm  are  given  in  Figure  2. 
The  requirements  are  3.75  dB/km  at  850  nm  and  1.5 
dB/km  at  1300  nm.  The  cable  was  then  subjected  to  a 
battery  of  environmental  and  mechanical  tests.  These 
tests  are  enumerated  in  Table  I. 


TABLE  I.  BATTERY  OF  ENVIRONMENTAL 
AND  MECHANICAL  TESTS 


ENVIRONMENTAL 


1.  TEMPERATURE  CYCLING 

2.  HUMIDITY  CYCLING 

1.  TWIST  BEND 

2.  CYCLIC  FLEXING 

3.  IMPACT 

4.  COLD  BEND 

5.  FREEZING  WATER  IMMERSION 


3.  LONG-TERM  AGING 


6.  KNOT 

7.  RADIAL  COMPRESSION 

8.  TENSILE  STRENGTH 

9.  OPERATING  TENSILE  LOAD 

10.  FLAMMABILITY 


MECHANICAL 


o 
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FIGURE  2.  Four-Fiber  Tactical  Cable  Attenuation 
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The  three  primary  environmental  tests  are  temperature 
cycling,  humidity  cycling,  and  accelerated  aging.  The 
temperature  cycle  used  for  the  cable  evaluation  is 
presented  in  Figure  3.  The  temperature  range 
requirement  for  tactical  cables  is  from  -46  “C  to  71  ‘C, 
The  results  of  temperature  cycling  for  the  four-fiber 
tactical  cables  are  presented  in  Figures  4  and  5  for  850 
nm  and  1300  nm  wavelengths,  respectively.  The 
maximum  allowed  increase  in  attenuation  rate  for 
multimode  cables  is  0.5  dB/km  at  both  850  nm  and 
1300  nm  wavelengths.  The  results  are  given  for  five 
temperature  cycles.  The  cable  meets  the  requirement 
showing  excellent  performance. 

The  humidity  cycling  used  for  the  cable  evaluation  is 
presented  in  Figure  6.  In  the  humidity  cycling,  the 
cable  is  subjected  to  a  constant  relative  humidity  of 
Q4±4%  and  cycled  between  the  temperatures  of  20  °C 
and  65  *  C.  The  maximum  increase  in  attenuation  rate 
requirement  for  the  humidity  cycling  is  also  0.5  dB/km 
at  both  wavelengths.  The  results  for  five  humidity 
cycles  are  presented  in  Figures  7  and  8  for  850  nm  and 
1300  nm  wavelengths,  respectively.  There  is  practically 
no  increase  in  attenuation  rate  at  either  wavelength. 

The  accelerated  aging  test  consists  of  subjecting  the 
cables  to  a  temperature  of  110*C  for  10  days.  This  test 
temperature  and  duration  simulates  the  mechanical 
response  of  the  cable  materials  to  an  exposure  of  85 '  C 
for  the  design  life  of  20  years.  This  simulation  criterion 
was  arrived  at  using  the  viscoelastic  mechanical 
properties  equivalence  principle  described  in  Reference 
5.  The  results  of  the  accelerated  aging  tests  are 
presented  in  Figures  9  and  10  for  850  nm  and  1300  nm, 


respectively.  The  added  loss  requirement  for 
accelerated  aging  tests  is  the  same  as  those  for  the 
temperature  cycling  and  humidity  cycling  tests.  These 
results  show  excellent  performance  of  the  cable  in  the 
accelerated  aging  test. 

The  cable  was  also  subjected  to  the  required  mechanical 
tests  listed  in  Table  I.  Table  II  presents  the  results  and 
the  requirements  of  mechanical  tests  for  the  cable  at 
the  primary  wavelength  of  1300  nm.  As  can  be  seen 
from  the  table,  the  cable  either  meets  or  surpasses  all 
the  mechanical  requirements. 
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FIGURE  3.  Temperature  Cycle 


CYCLE  1 

CYCLE  2 

CYCLE  3 

CYCLE  4 

CYCLE  5 

FIGURE  4.  Temperature  Cycling  Results  for  Four-Fiber  Tactical  Cable  at  850  nm 
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CYCLE  1 

CYCLE  2 

CYCLE  3 

CYCLE  4* 

CYCLE  5 

FIGURE  6.  Temperature  Cycling  Results  for  Four-Fiber  Tactical  Cable  at  1300  nm 


FIGURE  6.  Humidity  Cycle 
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FIGURE  7.  Humidity  Cycling  Results  for  Four-Fiber  Tactical  Cable  at  850  nm 


-0.3 


-0.4 

-0.5 


MEASUREMENT  UNCERTAINTY  *  ±  0.05  dB/km 


I  CYCLE  1  I  CYCLE  2  I  CYCLE  3~  I  CYCLE  4_ I  CYCLES  I 
FIGURE  8.  Humidity  Cycling  Results  for  Four-Fiber  Tactical  Cable  at  1300  nm 
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REQUREMENT 


FIGURE  9.  Accelerated  Aging  Results  for  Four-Fiber  Tactical  Cable  at  850  nm 
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FIGURE  10.  Accelerated  Aging  Results  for  Four-Fiber  Tactical  Cable  at  1300  nm 
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TABLE  II.  RESULTS  OF  MECHANICAL  TESTS  FOR  FOUR-FIBER  TACTICAL  CABLE 


NO 

TEST  DESCRIPTION 

REQUIREMENTS 

RESULTS 

mean/max 

B 

Twist  Bend 

DOD-STD-1878,  2080 
Mandrel  Dia.  =  30mm 

10  kg,  2000  cycles 

Added  Loss,  A  <  0.5  dB 

0.11/0.45  dB 

2 

Cyclic  Flexing 

DOD-STD-1878,  2010 
Mandrel  Dia.  ==  30  mm 

10  kg,  2000  cycles 

A  <  0.5  dB 

0.08/0.29  dB 

3 

Impact 

DOD-STD-1878,  2030 

1.0  kg,  100  cycles,  15  cm 

A  <  0.6  dB 

0.01/0.08  dB 

B 

Cold  Bend 

DOD-STD-1878,  2020 
Mandrel  Dia.  =  30mm,  -46I’C, 
10kg,  3  Turn 

A  <  0.5  dB 

0.01/0.07  dB 

5 

Freeslng  Water  Immersion 

DOD-STD-1878, 4050 
-  lO’C,  24  Hrs?  -2‘,C,  1  Hrs 

A  <  0.5  dB 

0.02/0.14  dB 

0 

Knot 

DOD-C-86045,  300N  (86lbf), 
Mandrel  Dia.  =  30mm 

A  <  0.5  dB 

0.02/0.08  dB 

D 

Radial  Compression 

DOD-STD-1878,  2040 

10.1  cm  Dia.,  1600N  (3371bf) 

A  <  0.5  dB 

0.20/0.40  dB 

8 

Tensile  Strength 

EIA-455-33A,  1780N(400lbs) 
Elongation  <  2.0% 

A  <  0.6  dB 

<  0.5% 
0.13/0.20  dB 

0 

Operating  Tensile  Loading 

EIA-455-33A 

300N(88  lbf),  24  Hrs. 

A  <  0.6  dB 

0.03/0.24  dB 

10 

Flammability 

DOD-STD-1878,  6010 

60  Angle  Test, 

Fluine  travel  distance  <  10  cm 
Extinguish  <  30  sec. 

4. 5/6. 5  cm 

4. 5/6. 5  sec. 
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The  diameter  and  mass  requirements  for  the  cable  are 
5.85±0.15  mm  and  <32  kg/km,  respectively.  The 
diameter  and  mass  results  for  the  cable  are  given  in 
Table  III. 


TABLE  III.  DIAMETER  AND  MASS  RESULTS 
FOR  FOUR-FIBER  TACTICAL 
CABLE 


PARAMETER 

REQUIREMENT 

RESULT 

(Average) 

DIAMETER  (mm) 

S.85 

5.81 

MASS  (kg/km) 
(Max) 

32 

29.4 

CONCLUSIONS 

The  four-fiber  tactical  cable  described  herein  meets  or 
surpasses  all  the  optical,  environmental  and  mechanical 
requirements  given  in  the  military  specification  DoD-C- 
85045C.  The  technology  utilized  in  the  design  and 
development  cf  this  cable  is  similar  to  that  of  its  single- 
and  two-fiber  predecessors,  enhancing  field 
serviceability,  compatibility  and  maintainability. 
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ABSTRACT 

The  design  and  development  of  tactical  fibre 
optic  cable  assemblies  have  been  completed. 

For  the  cable  aspect,  a  slotted  core  structure 
(loose  type)  has  been  selected  as  it  offers 
advantages  on  fibre  selection  and  reliability 
with  an  O.D.  similar  to  that  of  a  tight  tube 
structure.  For  the  connector  aspect  a  careful 
analysis  based  on  ergonomics  has  led  to  an  easy 
to  handle  tactical  product. 


To  verify  the  quality  of  the  design,  it  is 
necessary  to  perform  sophisticated  temperature 
cycling  tests  taking  precautions  for  avoiding 
any  parasitic  effect  on  the  test  results  due 
to  the  measurement  conditions.  The  tests  that 
we  have  used  are  fully  compliant  with  the  new 
text  of  the  IEC  Method  794  -  1  -  F.l.  Tempera¬ 
ture  cycling  (3)  that  lists  the  risks  of  er¬ 
rors  due  to  measurement  conditions  and  recom¬ 
mends  some  possible  ways  to  obtain  good  re¬ 
sults. 


This  paper  describes  the  qualification  procedure 

and  gives  an  example  of  operational  application.  CABLE 


INTRODUCTION 

A  tactical  fibre  system  must  survive  extreme 
temperatures,  very  high  strength,  excessive  vi¬ 
bration/shock,  rough  handling,  severe  bending, 
etc. . . 

One  possible  approach  is  to  develop  a  fiber  with 
sufficient  strength  to  provide  a  reliable  signal 
transmission  over  the  entire  system  life  (1). 
This  is  used  in  particular  with  cable  structures 
containing  tightly  buffered  fibers  where  a  part 
of  external  strength  can  be  applied  to  fibres. 
In  that  case  a  combination  of  mi'robending  resis¬ 
tance  and  high  proof  test  level  is  needed  (2). 

An  other  possibility  is  to  use  a  loose  structure 
designed  to  avoid  transmission  to  fibres  of  ex¬ 
ternal  strengths  and  to  minimize  microbending 
effects.  In  that  case  any  standard  fibre  can  be 
used  to  meet  the  same  specification  as  in  the 
first  case.  If  a  microbending  resistant  high 
proof  test  fibre  is  used,  the  level  of  the 
safety  margin  is  consequently  increased.  From 
the  point  of  view  of  long  term  reliability, 
loose  structure  have  been  proved  to  be  very  safe 
as,  in  such  a  structure,  the  fibers  are  free 
from  permanent  microbending  in  the  normal  condi¬ 
tions  of  operation,  providing  that  the  design  of 
the  cable  structure  has  been  conveniently  done. 


We  have  selected  the  second  option  (loose 
structure)  as  the  reliability  under  severe  en¬ 
vironmental  conditions  has  been  considered  ve¬ 
ry  important  for  the  tactical  application.  In 
that  case,  the  matching  between  the  cable  and 
the  connector  is  more  critical  in  order  to 
maintain  at  the  vicinity  of  the  interface,  the 
freedom  of  the  fibre  and  the  accuracy  of  the 
excess  length  control  which  are  important  para¬ 
meters  for  a  good  design  of  a  loose  structure. 
This  problem  has  been  solved  during  the  design 
of  the  connector  described  below  ;  consequent¬ 
ly  the  best  conditions  for  the  optimum  lifeti¬ 
me  are  provided  for  the  complete  cable  assem¬ 
bly. 

The  cable  uses  a  four  groove  slotted  core 
structure  with  a  FRP  central  strength  member. 

Aramide  yarns  are  used  as  sheath  reinforce¬ 
ments. 

The  outer  sheath  is  fire  resistant. 

Main  characteristics  are  given  below  and  figu¬ 
re  1  shows  a  cross  section  of  the  cable. 

Nominal  outer  diameter  7  mm 

Nominal  weight  38  kg/km 

Nominal  thickness  of  sheath  0.8  mm 


On  the  other  hand,  loose  structures  are  general-  Maximum  tensile  load  220  daN 

ly  less  attractive  considering  cable  size  and  (corresponding  to  an  elongation<l ,50/00 ) 

bending  radius. 

Several  samples  have  been  tested  without  dama¬ 
ge  up  to  5000  N 
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Crush  resistance 


40  daN/cm 


2 


Minimum  bending  radius 


Static 

Dynamic 


100  mm 
150  mm 


Temperature  range  -  40  to  +  70° C 

with  less  than  0.2  dB  attenuation  increase  for 

850  and  1300  nm  multimode  fibres. 


These  characteristics  have  been  optimized  consi¬ 
dering  the  practical  requirements  of  the  tacti¬ 
cal  application  in  order  to  provide  the  most 
cost  effective  solution 


Figure  1 


The  design  offers  the  advantage  of  being  usable 
with  the  same  characteristics  with  one  to  four 
fibres.  If  necessary,  different  types  of  fibres 
can  be  used  in  the  same  cable. 

Furthermore,  this  structure  allows  the  use  of 
any  type  of  standard  fibre  which  is  an  advantage 
compared  to  the  other  designs  where  specific 
requirements  are  needed  for  example  related  to 
the  primary  coating. 

Compared  to  other  designs,  previously  reported, 
using  tight  buffered  fibres  the  O.D.  and  weight 
per  km  values  are  similar. 


CONNECTORS 


The  tactical  connector  is  constructed  around  an 
hermaphroditic  expanded  beam  interface,  that  has 
been  used  for  a  complete  set  of  products  (plug, 
shunt  plug,  attenuating  shunt  plug)  which  are 
necessary  to  operate  the  tactical  transmission 
system. 

Details  on  the  interface  design  have  been  given 
in  a  previous  paper  (4).  Cable  retention  on  the 
connector  has  been  optimized  for  use  with  the 
mechanical  requirements  of  the  cable  (see  figu¬ 
re  2) . 


1  Guiding  pin 
2Taclile  indexes 
3  Locking  ring 
40  seal 
5Glass  window 


Sopiical  points 
7  Plug  body 
8Cable  retention 
9Ring 

lOSlrain  relief 


Figure  2 


Lenses  used  for  beam  expansion  allow  optimized 
operation  at  both  wavelength  (850  nm  and 
1300  nm)  for  multimode  fibres.  The  design  of  the 
optical  system  allows  for  field  termination  of 
the  fibre  ends,  with  an  available  tool  kit.  So, 
reparation  and  maintenance  can  be  performed  in 
the  field. 

A  glass  window  protects  the  lenses,  making  the 
interface  almost  totally  flat,  and  therefore  al¬ 
lowing  an  easy,  quick  and  efficient  cleaning  of 
optical  face.  0  rings  make  the  connector  wa¬ 
ter-tight. 

The  ergonomics  of  the  connector  has  been  careful¬ 
ly  studied  to  provide  optimum  tactical  operating 
conditions. 

For  example,  in  order  to  make  night-and-day  ter¬ 
mination  easier,  the  interfaces  are  equipped 
with  alignment  pins  of  different  sizes,  with  a 
guiding  groove  and  a  tactile  peripheral  inde¬ 
xing.  The  connexion  can  be  achieved  by  aligning 
the  tactile  indexes,  then  bringing  both  inter¬ 
faces  into  contact,  and  finally  locking  by  syme- 
trical  rotation  of  the  plugs  through  an  angle  of 
30°. 

As  the  ergonomics  is  a  very  important  point,  it 
has  been  verified  in  practice  by  field  deploy¬ 
ment  :  operation  by  the  French  Army  under  extre¬ 
me  environmental  conditions  (low  temperature,  me¬ 
chanical  agressions,  poor  climatic  conditions, 
nightly  operation....)  has  revealed  the  advanta¬ 
ges  of  the  selected  solutions. 

Each  connector  is  supplied  with  a  rubber  protec¬ 
tive  cap.  The  inside  of  this  cap  is  reinforced 
with  a  metallic  sheathing,  which  improves  the 
mechanical  pruLeclion  and  thus  ensures  an  elec¬ 
trical  continuity  for  the  electro-magnetic  pro¬ 
tection.  The  caps  can  be  locked  together  when 
not  in  use,  avoiding  internal  pollution  when  the 
plugs  and  receptacles  are  connected. 
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The  figure  3  shows  the  dimensions  of  the  plug. 


Figure  3 


The  shunt  plug  is  available  as  a  test  unit  which 
may  be  used  during  installation  to  loop  the 
line.  Then  it  :s  possible  to  check  that  the 
former  cable  section  (s)  is  (are)  not  cut  off. 

The  attenuating  shunt  plug  is  used  in  the  same 
way  with  9  dB  extra  attenuation  when  connected 
to  the  active  receptacle  to  avoid  receiver  satu¬ 
ration. 

Active  and  passive  receptacles  are  available  in 
bulkhead  versions  (i.e  for  wall  crossing). 

The  four  channel  -  type  active  receptacle  can  be 
equipped  with  two  LED  and  two  PINS  diodes. 

The  table  below  summarizes  the  characteristics 
of  the  connector  for  multimode  fibres. 


TESTS  RESULTS 


The  figure  4  shows  the  optical  interface  with 
alignment  pins. 


•  V?.  7 


Figure  4 


CABLE  ASSEMBLY 

The  cable  is  delivered  equipped  at  both  ends  by 
the  connectors  and  wound  on  an  adapted  drum. 
The  length  of  cable  changes  according  to  'the 
application  and  lengths  up  to  3  km  have  already 
been  realized. 

For  a  first  practical  application  in  the  French 
Army,  this  cable  was  used  to  replace  a  copper 
quad  and  the  size  of  the  drum  was  fixed. 

Delivery  length  has  been  fixed  to  600  m  and  in 
order  to  reduce  the  total  weight,  a  special  low 
weight  drum  has  been  developed  with  the  follo¬ 
wing  characteristics  : 

Overall  diameter  :  488  mm 


Connections  2  or  4  channels  (upon  request) 

Insertion  loss  <3  dB 

(0.85  and  1.3^*m)  in  the  whole  operating  tempe¬ 
rature  range 
Uniformity 
Operating  tempe¬ 
rature  range 
Storage  tempera- 
re  range 

Mechanical  endu¬ 
rance 
Vibrations 
Mechanical  shocks 
Shakes 

Water  immersion 
Tensile  strength 


+  -  0.2  dB 

-  40° C  <  T  <  +  70°C 

-  400C  <T<  +  85°C 

1500  matings/unmatings 

5-300  Hz-amplitude  1.25  mm  p-p 
30  g  -  11  ms  -  2.06  m/s 
1000  -  25  g  -  6  ms 
1  m  depth  (0.1  bar) 

220  daN 


Overall  width  :  460  mm 
Weight  :  6  kg 

This  drum  is  made  with  reinforced  plastic  and 
can  handle  up  to  800  meters  of  cable  with  a 
protective  flange  for  connectors  (see  figure  5). 
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Connectors 


Figure  5 


QUALIFICATION  TESTS 

These  tests  are  performed  on  the  cable  alone, 
on  the  optical  plug  alone  and  on  the  cable 
assembly  wounded  on  the  drum.  The  lists  of 
tests  are  given  below. 

Cable 

Geometrical  parameters  of  fibre 

Transmission  parameters 

Tensile  performance 

Cable  bend 

Crush 

Abrasion 

Impacts 

Sheath  cut 

Repeated  bend 

Repeated  torsion 

Repeated  flexing 

Temperature  cycling 

Dry  heat 

Wet  heat 

Dry  cold 

Cold  bend 

Composite  climatic  test 
Fire  resistance 
Chemical  fluids  resistance 
Solar  radiation  resistance. 


Insertion  loss 

Stability  of  insertion  loss 

Operating  temperature 

Storage  temperature 

Vibrations 

Impacts 

Shakes 

Immersion  (water) 

Electromagnetic  characteristics  : 

Earth  continuity 
Electromagnetic  pertubations 
Electromagnetic  susceptibility 

Tensile  test  on  connectors. 

Cable  assembly  on  drum 

Vibrations 

Impacts 

Shakes 

Fall 

Environmental  tests. 

Storage  -  Dry  heat 
Storage  -  Dry  cold 
Storage  -  V/et  heat 


PRACTICAL  APPLICATION 


This  equipment  is  now  used  by  the  French  Army 
for  practical  transmission  Systems  in  place  of 
copper  quads. 

Therefore  a  junction  box  has  been  developed  for 
an  easy  connexion  to  the  existing  transmission 
equipments  :  on  one  side  there  are  standard 
elertrical  interfaces  and  on  the  other  side 
optical  hermaphroditic  junctions. 

Two  types  of  junctions  boxes  are  used  :  a 
single  junction  box  for  radio  link  terminations 
and  a  six  junction  box  for  mcer  shelter  links. 
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BIOGRAPHY 


COHCLUSIOH 

A  tactical  fibre  optic  cable  assembly  has  been 
developed  based  on  an  analysis  of  reliability 
and  ergonomics. 

It  passed  laboratory  and  field  tests  for  quali¬ 
fication  and  is  now  operationally  used  in  place 
of  copper  quads.  For  that  purpose,  junction 
boxes  are  available  that  allow  an  easy  connec¬ 
tion  to  existing  transmission  equipments. 
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ABSTRACT 

The  described  Repairable  Tactical  Fiber 
Optic  Cable  ( RTFOC )  has  been  designed 
all-dielectric  with  up  to  4  tightly- 
buffered  fibers.  FRP-rods  and  aramid-yarns 
are  used  as  strength  members.  The  cable  is 
jacketed  by  a  flame  retardant  polyurethane 
sheath . 

Various  types  of  connectors  can  be  fitted 
tc  the  cable.  In  the  field,  cables  are 
connected  by  an  approved  hermaphroditic 
connector . 

Tests  concerning  humidity  and  water 
immersion  will  be  discussed.  Additional 
mechanical  tests  for  long-term  tensile 
load  and  the  transmission  characteristic 
during  a  back-blast  firing  test  will  be 
presented . 

An  optimized  fiber  coating  eliminates 
humidity  and  water  influence.  In  addition 
simple  field  repair  is  guaranteed  by  the 
special  fiber  coating. 

For  RTFOCs  two  different  repair  techniques 
are  avaible.  First,  restoration  of 
optical  transmission  in  the  field  needs  to 
be  guaranteed  within  a  few  minutes  by 
simple  means .  As  a  result  of  our 
development  no  tools  for  fiber  stripping 
or  endface  preparation  are  necessary  for 
mechanical  splicing.  Second,  in  order  to 
restore  all  mechanical  and  optical 
properties  a  workshop  repair  technique  has 
been  developed  including  a  special  set  up 
for  restoring  strength  members  and  cable 
sheaths . 

The  reliability  of  our  RTFOC-system  has 
been  proven  in  field  trials. 

INTRODUCTION 

The  demand  for  tactical  fiber  optic 
assemblies  has  increased  continuously 
worldwide  in  last  few  years.  The  complete 
multimode  cable  assemblies  consist  of  a 
cable,  containing  two  or  four  tightly- 
buffered  graded  index  fibers  terminated 
with  duplex,  hermaphroditic  expanded  beam 
connectors . 


The  RTFOC  uses  a  50/125  urn  multimode 
fiber  and  offers  a  good  combination  of  low 
loss,  low  microbending-and  macrobending 
sensitivity  and  high  bandwidth.  The  cable 
assemblies  can  be  operated  at  850  nm  and 
1300  nm.  Both  cable  designs  are  identical 
except  for  the  fiber  number  and  the  number 
of  FRP-rods.  All  cables  have  a  2000  N 
tensile  rating  and  a  6  mm  outer  diameter. 
The  total  weight  of  the  cable  assembly, 
consisting  of  a  1  km  cable,  two  connectors 
and  a  robust  reel  is  less  than  42  kg.  The 
complete  cable  assembly  has  been  tested 
for  operating  temperature  between  -40°C  to 
70°C  and  a  storage  temperature  range  from 
-55°C  to  85°C. 

Besides  the  stringent  requirements  laid 
down  by  the  relevant  standards  /1//2/,  it 
was  recognized  during  long-term  testing, 
that  water  immersion  may  have  considerable 
influence  on  attenuation. 

Moreover,  there  is  a  strong  demand  for 
quick  field  repair  and  complete  workshop 
overhaul . 


ASSEMBLY  SPECIFICATION 

The  development  of  these  multimode  cable 
assemblies  for  use  in  tactical  field 
environments  and  for  indoor  applications 
has  been  completed.  RTFOCs  will  be 
utilised  for  long  distance  use.  The 
indoor  assembly  has  been  developed  for 
short  Fiber  Optic  Trunk  Cables  (FOTCs). 
These  cable  assemblies  have  been  designed 
to  meet  stringent  specifications  imposed 
by  the  contract  agency. 

The  environmental,  mechanical  and  chemical 
test  requirements  are  given  in  Table  1. 

RTFOCs  and  FOTCs  use  a  50/125  urn 
multimode  fiber.  A  completed  long  distance 
RTFOC  assembly  terminated  at  both  ends 
with  herma-phroditic  expanded  beam 
connectors  is  illustrated  in  Figure  1. 
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CABLE  DESIGN 


Figure  1  Repairable  Fiber  Optic  Cable 
( RTFOC )  assembly 


An  illustration  of  a  FOTC  with  terminated 
indoor  expanded  beam  connectors  is  shown 
in  Figure  2. 


Figure  2  Fiber  Optic  Trunk  cable  (FOTC) 


The  cable  construction  consists  of  two  or 
four  multimode,  tightly-buffered  fibers. 
The  fibers  lay  parallel  to  each  other  and 
are  not  stranded.  Fibers,  FRP-rods  and 
aramid-yarns  form  the  center  core  of  the 
cable.  All  elements  are  loosely  sheathed 
with  a  polyurethane  inner  tube.  Additional 
aramid-yarns  are  stranded  around  them  and 
the  outer  flame-retardant  polyurethane 
sheath  is  extruded  directly  around  the 
strength  members.  The  cable  has  a  weight 
of  34  kg/km,  a  2000  N  tensile  load  rating, 
and  a  compressive  strength  loading  of 
1000  N. 

The  cable-  and  fiber  elongation  under 
2000  N  tensile  loading  is  0.37  % 

respectively  0.21  %  as  shown  in  Figure  3. 
Every  fiber  used  in  RTFOCs  has  been  proof 
tested  to  690  MPa. 

A  cross-sectional  view  of  the  cable  is 
illustrated  in  Figure  4. 


Figure  3  Elongation,  Fiber,  Cable 


Figure  4  Cross-sectional  view  of  RTFOC, 
FOTC 
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TABLE  1.  Environmental  properties  of  the  cable 


1  Tm  1 

REQUIREMENT  FOR  I 

RTFOC/FOTC  | 

CABEL  PERFORMANCE  | 

RTFOC/FOTC  f 

|  ENVIRONMENTAL  TESTS  | 

|  Humidity  and  [ 

I  water  inmerslon 

PKI-test,  Hater,  150  d,  (60  d),  1 

20°C,  (50°C)  length  500  m,  da  *  0.3  dB/km 

da  ■  0.2  dB/km 

|  Freezing  water  1m- 
|  mersion  -  Ice  crush 

DOD-STD-1678,  Method  4050,  T  -  -10°C  j 

length  380  mm,  da  s  0.1  dB 

da  -  0.03  dB 
undamaged  sheath 

|  Temperature  cycling 
|  on  reel 

temp,  range  -40°C  to  85“C,  length  500  m 
on  steel  reel,  5  cycles,  da  s  0.5  dB/km 

da  -  0.32  dB/km 

|  Temperature  cycling 
|  without  reel 

temp,  range  -40°C  to  85'C,  length  500  m 
lose  ring,  5  cycles,  da  s  0.5  aB/km 

da  ■  0.34  dB/km 

|  Cold  impact 

VG  95218  part  2  No.5.3.1.3,  T  -  -40°C 

9  impacts,  h  -  100  nm,  m  «  200  g 

no  fiber  breakage 
undamaged  sheath 

U  Cold  bend 

VG  95218  part  2  No. 5.3.1. 2,  T  -  -40°C 

4>  «  25  nm,  6  windings 

no  fiber  breakage  f 

undamaged  sheath  | 

I  Accelerated  aging 

T  -  80°C,  t  -  50  d,  da  *  0.1  dB/km 
length  -  500  m 

da  -  0.05  dB/km 

J  MECHANICAL  TESTS  | 

|  Tensile  strength 

OOD-STD-1678  Method  3010,  before 
impact  test,  F  »  2000  N,  da  s  0.5  dB 

da  -  0.15  dB  I 

|  Long-term  tensile 

1  strength 

PKI-test,  length  -  180  m,  F  -  200  N 
t  »  90  d,  da  s  0.2  dB,  reversible 

da  -  0.08  dB  f 

lengthening  0.02  %  | 

Compressive  strength 

F  -  1000  N.  loading  100  N/2min 
pressure  cylinder  $  50  mm,  da  -  0.5  dB 

da  -  0.06  dB 

Cycling  flexing 

OOD-STD-1678  Method  2010  Procedure  I 
cycles  1000,  m  -  10  kg,  bendradius  °  7.5  nm 

no  fiber  breakage 

|  Cable  twist  bend 

OOD-STD-1678  Method  2060  Procedure  I 
cycles  1000,  m  -  10  kg,  vert. motion  ±  90° 

no  fiber  breakage 

|  Impact 

DOD-STD-1678  Method  2030,  m  -  2  kg 

50  Impacts,  30  impacts/min 

no  fiber  breakage  g 

undamaged  sheath  | 

Knot 

DOD-C-85045  C,  F  -  500  N,  da  s  0.1  dB 

da  -  0.04  dB,  j 

no  fiber  breakage  | 

Fiber  strlppability 

PKI-test,  fingernail  strippable, 
after  accelerated  aging 

easily  removable 

1  Flammability 

VG  95218  part  2,  No.5.3.4.2,  t  -  60  sec 

self-extinguishing 

J  Cable  abrasion 

VG  95218  part  2,  No.  5.2. 5. 2, 

cycles  2000,  m  ■  0.5  kg,  wire  4>  -  0.6  nm 

undamaged  sheath 

|  CHEMICAL  TESTS  f 

|  Aviation  gasoline 
|  Benzine 
|  Lubricating  oil 
j  Hydraulic  fluid 
|  Deicing 

1 

J  examination  time  -  6  h,  length  1  m, 

T  -  50°C 

\ 

1 

maged  she  sth  i 

1 

wavelength  1300  nm,  da  -  increase  in  attenuation  coefficient,  da  -  Increase  in  attenuation 
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BUFFERED  FIBER  DESIGN 


The  optimized  cable  contains  tightly- 
buffered  fibers  with  dual  acrylate 
coatings  and  a  low  modular  0 . 9  mm  diameter 
secondary-coating'.  All  coating  layers  can 
be  stripped  mechanically  in  order  to 
facilitate  termination  and  repair  in  the 
field.  The  buffer  material  has  been  chosen 
to  minimize  microbending  loss  induced  by 
exposure  to  extreme  temperature  and  long¬ 
term  humidity  and  water  immersion. 


HUMIDITY  AND  WATER  IMMERSION  TEST 

In  practice,  the  coils  may  be  wet  during 
their  storage  periods.  Also  it  has  to  be 
recognized  that  coils  may  be  exposed  to 
humidity  for  some  weeks.  Special  tests 
have  to  be  developed  in  order  to  examine 
optical  performance  under  such  conditions. 
Due  to  the  permeability  of  sheaths  and 
coating  materials  water  will  re  ■'h  the 
fiber  surface  after  a  certain  time. 

Coating  materials  with  a  high  modulus  of 
elasticity  and  a  high  water  absorption 
rate,  cause  tensions  between  fiber  and 
coating  layers.  During  water  absorption, 
an  increase  in  attenuation  may  be 
observed  as  a  consequence  of  micro¬ 
bending.  The  optimized  coating  layers 
minimize  the  humidity  and  water  influence 
and  show  an  excellent  temperature 
behavior  pattern . 

An  uninterrupted  sequence  of  temperature 
and  water  immersion  tests  is  given  in 
Table  2. 


The  results  on  a  loosely  wounded  500  m 
cable  length  are  shown  in  Figure  5a-5c. 

The  long-term  test  consisted  of  the 
immersion  of  the  cable  under  water  for  150 
days,  followed  by  the  freezing  of  the 
cable  for  a  period  of  4  days . 

Result  of  this  test  show  an  excellent 
behavior  pattern. 


5  CYCLES.-S5  C  to  85  C 


Figure  5a  Temperature  cycling 


12  DAYS.  50  C.  WATER  IMMERSION 


Figure  5b  Water  immersion 


5  CYCLES, -55  C  to  85  C 


Figure  5c  Temperature  cycling 


LONG-TERM  TENSILE  STRENGTH 

The  tensile  strength  test  was  performed 
using  a  180  m  length  cable,  loaded  with  a 
traction  of  200  N,  installed  in  a  pulley 
system.  The  distance  between  two  pulley 
units  was  20  m.  The  test  took  place  in 
winter  and  had  a  duration  of  90  days.  The 
elongation,  the  attenuation  variation  and 
the  wind  velocity  were  checked  on-line. 
After  the  test,  the  cable  was  stretched  by 
0.02  %,  the  level  of  attenuation  variation 
was  less  than  the  accuracy  of  measurement. 
The  recorded  maximum  wind  velocity  was 
90  kph. 
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BACK-BLAST  FIRING  TEST 


The  influence  of  missile  back-blast  on 
RTFOCs  was  also  tested. 

The  experiment  was  designed  to  give  more 
information  about 

-  increased  bit  error  rate  on  digital  data 
link  on  RTFOCs  during  and  after  missile 
launch 

-  increased  optical  attenuation  on  RTFOC 
during  and  after  missile  launch 

-  physical  damage  to  fiber  and  cable 
jacket. 

Two  cables  under  test  were  laid  on  the 
ground.  The  cable  length  was  approximately 
1  km  in  both  cases  and  the  fibers  were 
connected  with  a  splice  at  the  far  end. 
The  shortest  distance  between  cables  and 
missile  was  1.8  m.  The  test  was  carried 
out  at  1300  nm.  The  optical  source  was 
modulated  with  NRZ  data  at  8  Mbit/sec. 
Monitoring  equipment  was  installed  for 
data  error  detection  purposes.  The 
attenuation  variation  was  less  than  the 
accuracy  of  measurement.  During  and  after 
missile  launch  no  data  errors  appeared. 
Aside  from  the  two  parallel  cables  melted 
together  and  a  burnt  sand  inside  the  cable 
jacket  were  no  damage  observed. 

Figure  6a-6b  illustrates  the  tested 
cable. 


Figure  6a  RTFOC  after  back-blast  firing 
test,  direct  influence 


Figure  6b  RTFOC  after  back-blast  firing 
test,  distance  5  m 


CONNECTOR  PERFORMANCE 

Two  different  expanded  beam  connectors 
(EBC)  have  been  developed  for  use  in 
indoor  and  outdoor  cabling.  Both  types 
exist  as  a  feed-through  panel  connection. 
A  four  channel  contact  is  available  for 
the  connectors. 


EBC  6210/6220,  INDOOR  CONNECTOR 

At  the  front  of  the  indoor  EBC  6210/6220 
there  are  two  or  four  lenses  positioned  in 
circular  pattern.  The  lens  and  the  optical 
fiber  are  mountad  in  a  cartridge.  Using  a 
special  adjusting  device,  errors  in  angle 
are  minimized.  The  assembled  cartridges 
are  mounted  into  a  shell  fitted  with 
spring-suspension.  During  connecting,  a 
pilot  pin  and  a  precision  bore  allow  a 
proper  alignment. 

The  SJT  shell  houses  the  precision-part 
assembly.  The  cable  clamp  can  withstand  a 
tensile  load  of  140  N  and  has  a  total 
weight  of  100  g.  All  metal  connector 
components  including  the  receptacle  and 
dust  cover  are  wrought  aluminium  with  an 
olive-drab  cadmium  surface. 

The  dust  cover  prevents  water  or  dust 
entry  into  an  uncoupled  connector.  When 
two  connectors  are  coupled,  their 
respective  dust  covers  can  be  joined  in 
order  to  prevent  contamination. 

The  connector  EBC  6210  has  a  SJT  shell 
and  is  used  as  a  receptacle.  It  has  the 
same  interior  assembly  as  the  EBC  6220. 
The  advantage  of  this  expanded  beam 
connector  is  the  possibility  of  easy 
cleaning.  In  Figure  7  the  typical 
insertion  loss,  measured  in  accordance  to 
the  IEC  874-1  Method  7,  is  given. 


Loss  Jn  fcS) 


Figure  7  Insertion  loss  for 
EBC  6210/6220 


144  International  Wire  &  Cable  Symposium  Proceedings  1990 


EBC  7220,  OUTDOOR  CONNECTOR 

The  EBC  7220  is  a  hermaphroditic  outdoor 
expanded  beam  connector  with  a  length  of 
280  mm,  an  outer  diameter  of  58  mm  and  has 
a  weight  of  440  g.  It  has  a  plastic  shell 
with  a  cable  clamp  and  withstands  a  1800  N 
tensile  load  rating. 

A  pane  protects  the  coated  lenses.  Inside 
the  coupling  head  an  elastomeric  seal 
blocks  water  and  dust  entry  in  a  coupled 
condition.  Therefore  easiest  cleaning 
methods  are  possible. 

Figure  8  shows  the  typical  insertion 
loss,  measured  in  accordance  to  IEC  874-1, 
Method  7 . 


Figure  8  Insertion  Loss  for  EBC  7220 

In  Table  3  test  procedures  for  EBC  6220 
and  EBC  7220  are  sum'.«arx.zed . 


TABLE  3.  Connector  requirements  for 
EBC  7220/6220 


j  TESTS 

EBC  6220  | 

EBC  7220 

|  Optical  requirements 

insert.  850  nm 
loss  1300  nm 

£  2.0  dB 
£  2.0  dB 

£  2.5  dB 
£  2.0  dB 

|  Environmental  requirements  j 

operation  temp, 
range 

-40°C  to  70°C 

-40°C  to  70° 

storage  temp, 
range 

-55°C  to  85°C 

-55°C  to  85°C 

water  immersion 

0.2  bar,  24  h 

0.2  bar,  24  h 

dust 

DIN  40050 

IP  55 

VG  95319, 
part  5.35 

|  TESTS  | 

EBC  6220  | 

EBC  7220 

|  Mechanical  requirements  | 

mating 

durability 

500  Cycles 

1000  Cycles 

vibration 

10  Hz-20  kHz 
0.5  Ga/Hz 

15  min 

10  Hz-20  kHz 
0.5  Ga/Hz 

15  min 

shock  drop 

40  G,  6  msec 
4000  Cycles 

40  G,  6  msec 
4000  Cycles 

shock 

100  G,  6  msec 

100  G,  6  msec 

cable  retension 

140  N 

1800  N 

twist  life 

±180°,  100  N 

±180°,  100  N 

CABLE  REPAIR  TECHNIQUES 

The  widespread  distribution  of  the 
tactical  fiber  optic  cables  demands  repair 
techniques  in  field  and  workshop  overhaul. 
Field  repair  must  be  performed  in  a  short 
time. 

The  following  requirements  are  imposed  on 
a  field  repair  techniques 

-  splice  loss  £  1.5  dB 

-  minimum  of  tools. 

Numerous  tests  have  been  carried  out  to 
verify  the  performance  features  such  as 
temperature  cycling,  tensile  load 
retention,  insertion  loss,  water  immersion 
and  flexibility. 


FIELD  CABLE  REPAIR  TECHNIQUE 

The  proposed  field  repair  may  be  quickly 
carried  out. 

A  durable  mechanical  compact  splice  is 
used  for  the  fiber  joint.  An  inserted 
index-matching  gel  allows  easily  made,  low 
loss  joints  even  with  bad  end-faces.  After 
stripping  all  coating  layers,  easily  done 
by  fingernail,  the  fiber  ends  are 
threaded  into  the  connector.  During  this 
process  the  fiber  may  be  observed  through 
the  transparent  cover  and  is  fixed  into 
the  correct  position.  The  dimensions  of 
the  compact  splice  allow  it  to  be  stored 
in  a  confined  space. 

The  strength  member  is  connected  with  a 
coupling  link.  The  cable  inlet  and  a 
special  lock  mechanism  guarantee  a  water¬ 
proof  connection  box. 

The  total  length  is  300  mm  including  the 
protective  rubber  sleeve.  The  diameter  is 
50  mm. 

All  requirements  are  listed  in  Table  4. 
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TABLE  4.  Requirements  of  field  cable 
splice 


TESTS 


REQUIREMENTS 


repair  time  after 
fault  location 

<  10  minutes 

low  loss  connection 
without  endface  prep. 

<  1.5  dB 

waterproofed 

>  24  h,  0.1  bar 

number  of  mountable 
splices 

up  to  6  i 

tensile  load 

<  100  N 

reusable 

max.  4  times 

charging  time 

<  8  days 

windable 

<t>  >  200  mm 

operation  temperature 
range 

-40°C  to  70°C 

storage  temperature 
range 

-55°C  to  85°C 

inconspicuous 
producable  without  special  tools 


Figure  9  illustrates  a  complete  field 
repair. 


Figure  9  RTFOC  field  repair 


CABLE  WORKSHOP  OVERHAUL 

A  workshop  repair  technique  to  restore  all 
cable  properties  has  also  been  developed. 
The  stricter  requirements,  as  compared 
with  the  field  repair  technique  are  listed 
in  Table  5. 


TABLE  5 .  Requirements  of  workshop 
overhaul 


TESTS 


REQUIREMENTS 


Tensile  load 


2000  N,  @  50°C 


splice  loss 


Is  0.3  dB  @  1300  nm 


windable 


4>  >  150  mm 


useful  life 


lifetime  of  cable 


flexing  test 


1000  Cyc.  <J>  >200  iran 


repair  time  after 
fault  location 


<  2  hrs 


diameter  of  splice 


4)  S  12  mm 


operation  temperature 
range 


-40°C  to  70°C 


storage  temperature 
range 

inconspicuous 


-55°C  to  85°C 


Special  equipment  is  necessary  to 
overhaul  a  cable  under  these  strict 
requirements .  The  first  step  is  to  locate 
the  damaged  section  with  an  optical  time 
domain  reflectometer  (OTDR). 

After  the  damaged  cable  length  has  been 
cut  out,  all  necessary  shrinkable  sleeves 
have  to  be  put  over  the  cable  ends .  During 
removal  of  the  sheath  and  the  inner  jacket 
the  aramid-yarns  have  to  be  split  up  into 
individual  cords. 

All  fibers  have  to  be  cut  to  the  same 
length  in  a  special  cable  mounting.  Tlia 
fiber  splice  is  made  with  a  commercial 
fusion  fiber  splice  device.  A  special 
splice  protector  is  mounted  onto  each 
fiber.  The  strength  members  are  connected 
with  an  adhesive. 

The  significantly  longer  length  of  the 
fibers  in  comparison  to  the  strength 
members  is  adjusted  using  the  cable 
mounting.  The  cable  sheath  has  to  be 
restored  with  a  flexible  tube  and  a  water¬ 
tight  shrinking  sleeve. 

Both  ends  of  the  splice  are  protected 
with  a  high  flexible  coating.  The  cable 
splice,  with  an  outer  diameter  of 

approximately  12  mm  and  a  length  of 
1200  mm  has  been  tested  in  field  trials 
and  fulfills  all  requirements. 

Figure  10  illustrates  a  complete  cable 
overhaul . 
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Figure  10  RTFOC  overhaul  repair 


CONCLUSION 

Cable  assemblies  which  show  an  optimized 
behavior  pattern  in  long-term  humidity  and 
water  immersion  tests,  long-term  tensile 
tests  and  missile  back-blast  firing 
immersion  have  been  developed. 

The  maximum  insertion  loss  for  a  1  km 
RTFOC  assembly  is  3.5  dB  @  1300  nm  and 
5.5  dB  @  850  nm. 

Two  cable  repair  techniques  have  been 
developed.  One  can  be  performed  in  a  few 
minutes  in  order  to  restore  optical 
transmission.  The  second  technique  even 
restores  mechanical  properties  of  the 
cable . 
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ABSTRACT 

With  the  increasingly  highly  information-oriented 
nature  of  modern  society,  the  installation  of 
transmission  line  incorporating  optical  fiber  has 
been  increasing  in  recent  years. 

In  such  optical  fiber  transmission  line,  one  of  the 
most  important  considerations  is  how  splicing  op¬ 
erations  can  be  simplified  and  how  the  man-hours 
for  such  splicing  can  be  shortened  to  reduce 
installation  construction  costs. 

With  these  considerations  in  mind,  we  designed 
various  types  of  aerial  optical  cable  having  opti¬ 
cal  connectors  at  both  ends  and  studied  the 
application  of  such  aerial  optical  cable  under  se¬ 
vere  natural  conditions.  As  a  result,  a  small¬ 
sized  optical  connector,  an  optical  connector  pro¬ 
tector  and  an  accommodat ion  box  for  excess  length 
of  optical  cable  have  been  produced  on  a  trial  ba¬ 
sis.  A  simulated  experimental  line  was  installed 
using  these  components  and  devices. 

Results  have  demonstrated  that  the  installation  of 
aerial  transmission  line  employing  optical  connec¬ 
tor  splicing  is  very  effective  in  shortening  the 
required  splicing  time. 

1.  Introduction 

With  the  increasingly  highly  information-oriented 
nature  of  modern  society,  more  and  more  transmis¬ 
sion  lines  using  optical  fiber  cable  have  been  in¬ 
stalled  in  recent  years. 

Tohoku  Electric  Power  Company  has  so  far  introduced 
about  3000  km  of  self-supporting  type  optical  fiber 
cable  for  aerial  use  installed  on  power  transmis¬ 
sion  lines  under  severe  natural  environmental  con¬ 
ditions  such  as  snow  accretion,  strong  wind  and  low 
temperature. 

In  such  installation,  the  connection  between  aer¬ 
ial  optical  cables  has  been  performed  by  fusion 
splicing  on  the  poles.  Although  the  technique  of 
fusion  splicing  has  been  extensively  improved 
since  the  initial  stage  of  development,  higher 
skill  and  long  man-hours  are  still  required. 

On  the  other  hand,  technicians  capable  of  such 
splicing  are  in  short  supply  because  of  the  in¬ 


crease  in  demand  for  optical  transmission  line  in¬ 
stallation,  and  it  has  become  very  difficult  to  in¬ 
stall  such  transmission  line  efficiently.  In  addi¬ 
tion,  multi-core  optical  cable  is  expected  to  be 
introduced  in  the  near  future,  and  thus  it  is  very 
important  to  find  ways  to  shorten  the  man-hours 
needed  for  such  connection. 

In  this  respect,  simplification  of  the  current  con¬ 
necting  technique  and  reduction  of  the  man-hours 
needed  for  such  connection  are  the  most  important 
problems  faced  in  efforts  to  reduce  construction 
costs  and  to  overcome  the  shortage  of  technicians 
who  can  perform  such  work. 

Under  such  circumstances,  connection  of  optical 
fibers  by  optical  connectors  seems  to  hold  promise 
for  simplifying  the  connecting  technique,  and  con¬ 
struction  of  optical  transmission  line  using  aer¬ 
ial  optical  cable  with  optical  connectors  at  both 
ends  has  been  studied. 

Also,  a  small-sized,  light-weight  box  for  accommo¬ 
dating  excess  length  of  optical  cable,  mountable  on 
poles,  has  been  produced  on  a  trial  basis  to  real¬ 
ize  flexible  control  of  small-sized  single-core  op¬ 
tical  connector  for  single  mode  (SM);  Furthermore, 
a  low-cost,  durable  protector  for  the  protection  of 
the  optical  connector  during  cable  pulling  and  for 
flexible  control  of  cable  piece  length  has  been  de¬ 
veloped.  All  of  these  components  have  been  shown 
to  have  high  workability  and  long-term  reliability 
under  severe  aerial  conditions. 

The  applicability  of  these  devices  to  the  small¬ 
sized  optical  closure  now  in  use  has  been  evaluated 
with  regards  to  optical  cable  connect.  As  a  re¬ 
sult,  it  has  been  demonstrated  that  optical 
connector  splicing  is  very  useful  to  shortning  the 
splicing  time  compare  with  the  conventional  fusion 
splicing. 

2.  Outline  of  optical  transmission  line 

The  arrangement  of  the  optical  transmission  line 
using  aerial  optical  cable  with  optical  connectors 
at  both  ends  is  given  in  Fig.  1. 

3,  Design  and  characteristics  of  small-sized 
single-core  optical  connector  for  SM 
fiber  use 


148  International  Wire  &  Cable  Symposium  Proceedings  1990 


Optical  cable  with  Joint 

connwctors  /  (Small-sized  optical  closure 


Box  for  excess  length 
of  optical  cable 
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Fig.  1  Outline  of  optical  transmission  line 


3.1  Design  study 

The  essential  conditions  for  the  development  of  the 
optical  connectors  to  be  used  at  both  ends  of  aer¬ 
ial  optical  cable  are  excellent  maneuverability 
and  workability  even  under  severe  field  condi¬ 
tions,  and  long-term  reliability  of  stable  trans¬ 
mission  characteristics,  requiring  no  special  tech¬ 
nique  for  connection. 

The  FC  type  optical  fiber  connector  conventionally 
in  use  is  too  large  for  our  connection  purposes.  If 
the  same  optical  closure  is  used,  the  number  of 
core  conductors  should  be  extensively  decreased 
compared  with  that  in  fusion  splicing. 

Also,  the  protector  at  the  cable  tip  where  the 
optical  connector  is  mounted  has  a  larger  outer  di¬ 
ameter  due  to  the  increase  of  number  of  optical  fi¬ 
bers,  and  this  means  more  difficulties  when  cable 
is  pulled  over  sheaves.  In  this  connection,  we 
have  attempted  to  study  the  application  of  optical 
connector  to  optical  closure  and  to  produce  an 
optical  connector  protector  of  smaller  diameter, 
thus,  optical  connectors  of  smaller  size  and  diame¬ 
ter  than  the  conventional  type  fusion  spliced  cable 
have  been  studied. 

3.2  Structure  and  features 

Figure  2  shows  the  structure  of  the  newly  developed 
small-sized  single-core  optical  connector  for  SM 
use.  This  small-sized  single-core  optical  connec¬ 
tor  for  use  with  nylon  coated  SM  fiber  is  designed 
so  that  the  ferrules  of  the  conventional  FC  type 
optical  connector  are  connected  with  each  other  by 
a  cylinder  type  adaptor  and  clip.  Low-cost 
zirconia  with  excellent  workability  is  used  for 
these  ferrules. 

A  compact  design  has  been  attained  with  the  adop¬ 
tion  of  a  structure  of  small  diameter  connecting 
the  ferrules  with  the  cylinder  type  adaptor  and 
cl  ip. 

Compared  with  the  method  of  connecting  FC  type 
optical  connectors  which  are  screwed  into  the 
adaptor,  this  small-sized  optical  connector  pro¬ 
vides  a  low  loss,  stable  and  connectable  structure 
because  the  ferrules  are  inserted  into  the  cylinder 


type  adaptor  and  squeezed  by  clip,  and  the  ferrules 
are  kept  in  contact  with  each  other  by  constant 
pressure.  Axial  adjustment  is  attainable  at  every 
90  degrees  (4  directions),  and  the  ferrules  are 
connected  by  aligning  the  markers,  which  are  speci¬ 
fied  at  the  time  of  factory  inspection  as  having 
the  lowest  connection  loss. 


Ferrule 


Fig.  2  Structure  of  small-sized  single¬ 
core  optical  connector  for  SM  fiber 


3.3  Characteristics 

The  characteristics  of  newly  developed  optical 
connector  were  evaluated  in  tests.  The  results  of 
the  tests  are  summarized  in  Table  1. 

As  a  result,  it  was  found  that  the  transmission 
characteristics  are  the  same  as  these  of  conven¬ 
tional  FC  type  optical  connector,  showing  that 
there  is  substantially  no  problem  in  the  practical 
application  of  this  newly  developed  connector. 

4.  Design  and  characteristics  of  optical 
connector  protector 

4.1  Design  study 
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Table  1  Test  results  of  the  single-core  optical  connectors 

measurement  at  a  wavelength  of  1.3  pm. 


Test  item 

Item  of 

Test 

No.  of 

Test  results 

measurement 

condition 

specimens 

o 

© 

Connection 

Connection 

•  Connection  with 

10 

0.7  dB  or 

loss 

loss 

master  plug 

less 

k 

•  Average  value 

i. 

from  3  insertions 

and  removals 

o 

■w 

Reflection 

Reflection 

•  Connection  with 

10 

25  dB  or 

O 

attenuation 

attenuation 

master  plug 

more 

Plug  removal 

Loss  increase 

*  500  removals  and 

2 

0.4  dB  or 

End  surface 

insertions 

less 

condition 

•  End  surface 

No  abnormal 

cleaned  after 

signs 

o 

every  10  times 

& 

Vibration 

Loss  increase 

•  10-55  Hz 

2 

0.1  dB  or 

u 

CL 

•  1.5  mm  p-p 

less 

•  3  directions; 

o 

•M 

2  hours  each 

2 

V 

Impact 

Loss  increase 

•  100G,  6  ms 

2 

0.1  dB  or 

2 

3  directional 

3  times 

less 

Tension 

Loss  increase 

•  0-0.6  kgf 

2 

0.1  dB  or 
less 

Temperature 

Loss  increase 

•  -20-  +60*C 

2 

0.3  dB  or 

V) 

change 

End  surface 

•  4-6  hours/cycle 

less 

0 

•H 

condition 

No  abnormal 

•  10  cycles 

signs 

o 

u 

Temperature 

Loss  increase 

•  +60*C 

2 

0.2  dB  or 

© 

and  high 

End  surface 

•  90*  RH 

less 

c 

I 

c 

0 

humidity 

condition 

•  lOOh 

No  abnormal 
signs 

> 

c 

High  tempera- 

Loss  increase 

•  +80'C 

2 

0.2  dB  or 

ture 

End  surface 

•  lOOh 

less 

condition 

No  abnormal 

Si 

signs 

w 

Low 

Loss  increase 

•  -20*C 

2 

0.3  dB  or 

w 

temperature 

End  surface 

•  lOOh 

less 

a 

condition 

No  abnormal 
signs 

To  install  aerial  optical  fiber  cable  with  optical 
connectors  at  both  ends,  it  is  necessary  to  protect 
the  cable  tip  having  optical  connectors  from  exter¬ 
nal  force. 

Special  care  was  taken  with  regard  to  installation 
efficiency,  such  as  in  passing  the  cable  over 
sheaves  in  aerial  pulling,  and  the  optical  cable 
protector  has  been  designed  so  as  to  have  a  small  di¬ 
ameter  and  nign  tiexrbiiity  to  endure  lateral  pres¬ 
sure  when  it  is  passed  over  sheaves  by  pulling  ten¬ 
sion. 

4.2  Structure  and  features 

Figure  3  shows  the  structure  of  the  self-supporting 


optical  cable* 1 )(2>  which  was  used  for  the  develop¬ 
ment  of  the  optical  connector  protector.  The 
structure  of  as  optical  connector  protector  is 
given  in  Fig.  4. 

The  tip  of  the  optical  cable  mounted  with  small¬ 
sized  single-core  optical  connector  for  SM  fiber  is 
protected  by  a  durable  corrugated  PE  tube  with  high 
flexibility.  The  tip  of  the  corrugated  PE  tube  is 
provided  with  a  conical  guide,  and  the  connector 
protector  is  fixed  on  the  cable  suspension  wire 
with  a  high-strength  band  to  facilitate  passage 
over  the  sheaves. 

Excess  length  of  core  for  connection  is  accommo¬ 
dated  in  the  grooves  of  the  PE  spacer  in  the 
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A-A'  cross 

PE  mold 

Suspension  wire  sheath 
Suspension  wire 
SM  optical  fiber 

Grooved  PE  spacer 

Tension  member 
Wrapping  tape 
PE  sheath 


PE  mold 


Fig.  3  Structure  of  self-supporting  optical  cable 


Fig.  4  Optical  connector  protector 
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longitudfinal  direction  of  the  cable,  and  binding 
wire  is  used  for  lashing. 

To  fix  the  optical  connector,  the^e  are  PE  connec¬ 
tor  holders  at  the  mounting  position  of  the  optical 
connector  and  on  the  PE  spacer  at  the  same  posi¬ 
tion,  and  the  connector  is  accomodated  in  the 
holder.  Thus,  a  dual  protection  structure  to  which 
can  endure  external  force  such  as  lateral  pressure 
has  been  designed. 

By  utilizing  cable  spacer  and  by  accommodating  ex¬ 
cess  length  of  core  in  spiral  grooves,  it  is  possi¬ 
ble  for  the  optical  connector  protector  to  bend 
with  bending  of  the  cable.  A  compact  structure  is 
attained  through  use  of  a  small-sized  optical  con¬ 
nector. 

4.3  Characteristics 

In  view  of  mechanical  external  force  applied  to  the 
optical  connector  protector  during  installation, 
the  characteristics  of  this  protector  were  evalu¬ 
ated  by  tests. 

The  results  of  mechanical  tests  are  summarized  in 
Table  2. 

The  characteristics  were  evaluated  by  visual  in¬ 
spection  of  external  appearance  and  by  measurement 
of  the  change  in  transmission  loss.  Damage  to  the 
protector  was  found  in  none  of  the  tests  and  trans¬ 
mission  characteristics  were  also  satisfactory. 
Thus,  it  was  confirmed  that  there  is  substantially 
no  problem  in  the  practical  application  of  this 
protector. 

5.  Accommodation  box  for  excess  length  of 
cable  structure  and  features 

5.1  Design  study 

For  aerial  optical  cable  with  optical  connectors  at 
both  ends,  it  is  necessary  to  strictly  control  the 
distance  between  joints  and  cable  piece  length. 

It  is  desirable  that  cable  piece  length  be  the 


same  as  the  distance  between  joints  and  that  there 
be  no  excess  length  of  cable  after  installation. 
However,  it  is  very  difficult  to  perform  strict 
control  on  cable  piece  length  in  actual  installa¬ 
tion  of  aerial  cable,  and  excess  length  should  be 
included  in  the  design  length  of  the  cable. 

In  this  respect ,  it  is  necessary  to  accomodate  ex¬ 
cess  length  of  cable,  if  any,  on  aerial  line  at  ca¬ 
ble  joints  after  installation.  Availability  of  ac¬ 
comodation  space,  cable  protection  external  ap¬ 
pearance,  etc.,  must  be  considered. 

After  careful  study  of  these  factors,  it  was  con¬ 
cluded  that  the  best  solution  was  to  have  a  special 
box  to  accommodate  excess  length  of  cable,  so  as 
not  to  interfere  with  other  devices  and  compo¬ 
nents. 

For  this  purpose,  a  small-sized,  lightweight  box 
has  been  designed  which  can  be  installed  on  poles 
and  which  has  minimum  wind  pressure  load.  It  can  ac¬ 
commodate  30  m  or  more  of  cable  at  an  outer  diameter 
of  15  mm. 

5.2  Structure  and  features 

Figure  5  shows  the  structure  of  this  box  for  accom¬ 
modating  excess  length  of  optical  cable,  and  Table 
3  summarizes  the  technical  data. 

Stainless  steel  is  adopted  as  the  material  for  this 
box  because  of  its  corrosion-resistant  property. 
The  surface  of  the  box  is  painted  the  same  color  as 
that  of  the  concrete  pole. 

A  lightweight,  compact  design  is  adopted  to  facili¬ 
tate  its  installion  on  poles.  Punching  plates  per¬ 
forated  at  fixed  spacings  are  used  on  all  sides  of 
the  box,  and  the  box  is  semi-circular  in  shape.  In 
order  not  to  interfere  with  the  other  devices  and 
components,  this  accommodation  box  must  be  fixed  to 
a  pole  with  a  support  arm;  the  box  is  mounted  on  the 
fixing  arm  at  one  point  about  250  mm  from  the 
pole. 

To  accommodate  the  cable,  the  cable  is  pulled  into 


Table  2  Results  of  mechanical  tests  of  optical  connectors  protector 


Test  item 

Test  conditions 

Test  results 

Transmission 
(A  =  1.3  pm) 

External 
appearance  of 
protector 

Jerking 

.  Tension:  150  kgf 

•  Sheave  passing 
angle  (0):  90“ 

•  Sheave  type:  No. 4  sheave 

Loss  increase: 
0.2  dB  or 
less 

No  sign  of  damage 
or  breakage 

Repeated 

bundjng 

•  Mandrel  radius:  300  mm 

•  90”  bending:  15  times  of 
reciprocal  bendings 

Loss  increase: 
0.2  dB  or 
less 

No  siqn  of  damage 
or  breakage 

Impact 

•  Impact  body:  25  mmd 

cylinder 

•  Impact  load:  3  kgf 

•  Falling  height:  0.3  m 

Loss  increase: 
0.2  dB  or 
less 

No  sign  of  damage 
or  breakage 
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Table  3  Technical  data  of  accommodation 
box  for  excess  length  of  optical 
cable 


Item 

Technical  data 

Size 

Longitudinal 

dimension 

550  mm 

Lateral  dimension 

550  mm 

Width 

250  mm 

Plate  type 

Punching  plate 

Plate  material 

Stainless  steel 

Accorrmodatinng  procedure 

Wound  on  guide 

Minimum  cable  accommodating 
diameter 

300  mm 

Weight 

11  kg  (incl. 

supporting 

fixture) 

the  cable  inlets  on  both  sides  of  the  accommodation 
box  and  is  wound  on  the  guide  in  the  box. 

5,3  Characteristics 

(1)  .'ccommodation  characteristics 

Full-scale  aerial  tests  were  performed  and  the 
characteristics  of  accommodation  of  excess  length 
of  cable  were  tested.  The  results  are  given  in  Ta¬ 
ble  4 . 

The  time  required  for  accommodating  excess  length 
of  cable  was  as  short  as  about  15  minutes. 

(2)  Wind  noise  test 

a.  Test  method 

Wind  was  applied  to  the  accommodation 
box  at  a  wind  velocity  of  from  30  m/sec. 


to  30  m/sec.  The  wind  induced  noise  was 
recorded  by  microphone,  and  frequency 
analysis  was  performed  on  the  values  in¬ 
dicated  by  the  sound  level  meter  with  a 
1/3  octave  band  analyzer. 

b.  Test  results 

Figure  6  shows  the  results  of  the 
measurement  of  wind  induced  noise.  For 
comparison  purposes,  the  results  of  meas¬ 
urements  of  wind  noise  of  a  conventional 
pole-top  outdoor  joint  box  ( 550  irm  x  500 
mm  x  300  mm;  long,  x  lateral  x  width) 
used  in  the  past  are  also  given. 

The  wind  noise  level  of  the  accommoda¬ 
tion  box  for  excess  length  of  optical  ca¬ 
ble  was  the  same  as  that  of  the  conven¬ 
tional  type  pole-top  outdoor  joint  box, 
and  no  abnormal  noise  was  heard  during 
the  test.  Thus,  there  is  no  problem  with 
wind  noise. 

6.  Evaluation  of  applicability  of  the  small¬ 
sized  optical  closure  now  in  use 

To  evaluate  the  applicability  of  the  small-sized 
optical  closure* 3 ’  now  in  use  (Fig.  7)  for  optical 
connector  splicing,  assembly  test  and  verification 
test  were  carried  out. 

The  results  of  the  tests  are  given  in  Table  5. 

The  transmission  characteristics  were  satisfac¬ 
tory,  and  the  applicability  has  thus  been  veri¬ 
fied. 

7.  Evaluation  of  splicing  workability 

Spliciny  workability  was  compared  between  fusion 
splicing  as  used  in  the  past  and  the  splicing  of  the 
newly  developed  small-sized  optical  connector  us¬ 
ing  the  small-sized  optical  closure  now  in  use. 

The  results  of  the  comparison  of  needed  man-hours 
are  shown  in  Table  6. 
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Table  4  Results  of  tests  on  characteristics  of  acommodation  excess 
_ of  length  of  optical  cable 


Test  item 

Conditions 

Test  results 

Accommodation 

workability 

Full-scale  performance  on  experiment 
line  (work  on  pole) 

Number  of  workers i  2 

Scope  of  worki  Accommodation  of 

45  m  of  excess  length  of  cable 
from  cable  mainline  and 
suspension  wire 

Working  time: 

About  15  min. 

Accommodation 

length 

Design  accommodation  length: 

30  m;  Cable  outer  diameter; 

15  mmd 

40  -  45  m 

Loss  change  in 
accommodation 

When  45  m  of  cable  is  accommodated 
(A  *  1.3  pm) 

No  increase  in 
loss 

Wind  direction  0=0* 


Fig.  6  Results  of  wind  noise  measurement 


Opt ical 
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8.  Conclusion 


By  the  comparison  of  workability,  it  was  found  that 
the  man-hours  needed  time  for  splicing  of  12  opti¬ 
cal  fibers  cable  using  optical  connector  splicing 
is  about  1/3  of  the  man-hours  needed  for  fusion 
splicing. 


In  order  to  simplify  the  fusion  splicing  technique, 
aerial  self-supporting  optical  cable  with  optical 
connectors  at  both  ends  was  evaluated. 


Table  5 


Test  results  of  applicability  of  the  small-sized  optical 
closure  now  in  use 

(connector  splicing  number  18) 


Item 

Test  conditions 

Test  results 

Connection  loss 

No  matching  oil 

0.7  dB  or  less 

Excess  fiber  length 
accommodation 

Sheet  accommodation  system; 

60  mm$  in  dia.#  18  fibers 

0.4  dB  or  less 

Vibration 

10  Hz;  ±5  mm;  106  times 

0.1  dB  or  less 

Temperature  change 

"20  to  +60°C;  10  cycles 

0.3  dB  or  less 

Table  6  Comparison  of  needed  man-hours  between  fusion  splicing  and  connector  splicing 

(converted  to  12  optical  fibers) 


Operations 

Fusion  splicing 

Connector  splicing 

Pre- 

treatment 

Parts  insertion; 

Sheath  stripping 

9  min. 

Disassembling  of  protector; 
Parts  insertion 

8  min. 

Total 

9  min. 

Total 

8  min. 

Tension 

member 

fixing 

Stripping  of  wrapping  tape 

5  min. 

Cutting  of  grooved  PE 
spacer 

1  min. 

Cutting  of  grooved  PE 
spacer: 

Fixing  of  grooved  PE 
spacer 

5  min. 

Fixing  of  grooved  PE 
spacer 

5  min. 

Total 

10  min. 

Total 

6  min. 

Excess  fiber 
length 
accommo¬ 
dation 

Accommodation 

24  min./ 

12  fibers 

Accommodation 

24  min./ 

12  fibers 

Total 

24  min. 

Total 

24  min. 

Sheath 

connection 

End  surface  plate, 
cap  nut ; 

3  min. 

End  surface  plate,  cap  nut; 

3  min. 

Taping 

6  min. 

Taping 

6  min. 

Total 

9  min. 

Total 

9  min. 

Suspension 

20  min. 

20  min. 

Total 

20  min. 

Total 

20  min. 

Subtotal 

72  min .  / 

12  fibers 

67  min./ 

12  fibers 

Fibers 

connection 

15  min. /fiber  x  12  fibers  =  180  min. 

0.5  min. /fiber  x  12  fibers  =  6  min. 

Total 

252  min.  (4  h  12  min.) 

73  min.  ( 1  h  13  min. ) 
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For  this  purpose,  the  following  products  have  been 
developed:  a  small-sized  single-core  optical  con¬ 
nector  for  SM  fiber  use  with  high  workability  and 
small-diameter;  a  durable  optical  connector  protec¬ 
tor;  and  a  lightweight  box  to  accommodate  excess 
cable  length  of  30  m. 

Optical  fiber  splicing  by  optical  connector,  using 
the  small-sized  optical  closure  now  in  use,  is  ef¬ 
fective  for  decreasing  the  cost  of  transmission 
line  installation  and  the  man-hour  needed  for  such 
installation. 

The  newly  developed  acconrnodat ion  box  for  excess 
length  can  be  flexibly  used  for  future  installation 
if,  installed  on  transmission  line  in  advance. 
Also,  this  box  is  useful  for  determining  splicing 
points  and  for  standardization  of  cable  piece 
length. 

The  results  of  the  present  study  will  be  utilized 
when  these  new  products  are  introduced  into  practi¬ 
cal  use. 
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1.  ABSTRACT 

A  proven  loose  fiber  bundle  and  linear  strength 
member  philosophy  was  applied  to  develop  an  optim¬ 
ized  low  fiber  count  cable  that  is  economical  and 
lightweight.  This  challenge  was  met  by  exploiting  the 
excess  fiber  length  while  retaining  excellent  optical 
and  mechanical  performance.  The  resulting  10  mm 
diameter,  armor-free  cable  accommodates  as  many  as 
24  fibers  and  weighs  only  00  kg/km  which  makes  it 
one  of  the  lightest  cable  with  the  highest  fiber  den¬ 
sity  in  the  industry.  Although  intended  primarily  for 
aerial  applications,  this  cable  is  also  suited  for  buried 
and  underground  installations.  The  lightweight  cable 
is  an  ideal  choice  for  the  CATV  market,  which  has 
about  85%  of  cables  in  the  aerial  plant,  as  well  as 
loop  and  campus  applications. 


S.  INTRODUCTION 

To  date,  attention  has  been  given  to  fiber  optic 
cables  with  high  fiber  counts  used  in  point-to-point 
telephony  applications.  A  high  percentage  of  fiber 
optic  cable  sales,  however,  have  historically  consisted 
of  low  fiber  counts  (<  24  fibers).  Therefore,  a  great 
need  exists  both  in  telephony  and  specialty  markets 
for  an  economical  design  optimized  for  low  fiber 
counts.  A  number  of  low  fiber  count  cables  are 
presently  offered,  but  the  designs  are  based  on  high 
fiber  count  usage.  These  designs  fall  into  two  major 
classes:  a  loose  tube  design  and  a  loose  fiber  bundle 
design. 

In  the  loose-tube  design,  a  maximum  of  12  fibers  are 
packaged  in  an  individual  buffer  tube,  and  several 
tubes  are  stranded  together  over  a  central  member  to 
torm  a  core.  This  construction  is  inherently  space 

inefficient  and  results  in  large  and  heavy  cables.  On 
the  other  hand,  the  loose-fiber-bundle  design  consists 
of  several  12  fiber  bundles  in  a  single  core  tube  which 
is  positioned  straight  along  the  center  line  of  the 
cable  without  stranding^.  This  design  is  better 


suited  for  low-fiber-count  optimization.  A  metallic 
armor  cable,  based  on  this  loose  fiber  bundle 
approach,  has  been  reported^;  however,  it  is  limited 
to  a  single  bundle  with  12  fibers. 

Based  on  customer  input  and  requests,  we  have 
developed  a  24  fiber  cable  to  fill  the  low  fiber  count 
cable  needs  for  telephony  and  specialty  markets. 
This  lightweight  armor-free  design  utilizes  proven 
fiber  bundle  core  and  linear  strength  member  sheath 
technologies.  In  this  paper,  a  cable  design  philosophy 
will  be  described  first  and  then  cable  testing  results, 
including  qualification  and  supplementary  tests,  will 
be  presented. 


FIGURE  1.  LIGHTWEIGHT  CABLE 
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S.  CABLE  DESIGN  PHILOSOPHY 


Customer  input  and  requests  indicated  that  an 
economical,  lightweight  cable  optimized  for  a  max¬ 
imum  of  24  fibers  is  needed  for  predominantly  aerial 
applications.  The  key  design  challenge  was  to  provide 
an  economical  cable  that  is  small  in  size  and  weight 
yet  retains  excellent  optical  performance  along  with 
the  COO  lb  tensile  load  rating.  This  is  accomplished 
by  adopting  the  loose  fiber  bundle  approach  for  the 
core  design*1!  and  linear  strength  member  technology 
for  the  sheath  design!3!.  A  photograph  in  Fig.  1 
shows  the  lightweight  fiber  optic  cable  that  is 
designed  based  on  following  core  and  sheath  design 
philosophy. 

3.1  Core  Design 

A  cable  core  consists  of  a  filled  core  tube  made  from 
a  durable  material  to  provide  enhanced  mechanical 
protection  and  up  to  four  loose  fiber  bundles  as 
shown  in  Fig.  1.  Each  loose  fiber  bundle  contains  six 
fibers  held  together  by  a  color  coded  binder  yarn  as 
shown  Fig.  2.  The  fibers  may  be  singlcmode,  pure 
silica,  multimode  (62.5/125  /jm),  or  a  combination  of 
them.  The  fibers  must  be  protected  from  the  service 
and  installation  environment.  Specifically,  they  must 
be  guarded  from  high  tensile  strains  and  from 
excessive  bending  that  results  in  attenuation 
increases.  To  understand  these  effects,  some  of  the 
critical  parameters  that  are  considered  in  the  design 
process  are  described  next. 


OPTICAL  FIBERS 

COLOR  CODED  BINDER 


FIGURE  2.  LOOSE  FIBER  BUNDLE 


S.l.l  Packing  Density:  The  most  effective  way  to 
define  packing  density  is  based  on  the  inside  diame¬ 
ter  of  the  core  tube  rather  than  the  outside  diameter 
of  the  cable  since  there  are  numerous  options  avail¬ 
able  for  the  sheath.  Packing  density  (PD)  is  defined 
as  a  ratio  of  total  fiber  area  to  core  area  in  percent. 


FIGURE  3.  PACKING  DENSITY  CURVES 


PD  =  100  n 


Where 

n  =  Number  of  fibers 

df  =  Fiber  diameter  (250  /jm) 

D  =  Inside  diameter  of  core  tube 


(3. 1.1.1) 


Based  on  this  result,  three  packing  density  curves  as 
a  function  of  D  and  n  are  shown  in  Fig.  3.  For  a 
given  packing  density,  a  core  tube  may  be  sized  from 
these  design  curves  for  any  number  of  fibers.  Cables 
with  a  high  packing  density  result  in  compact  and 
lightweight  designs.  However,  the  design  challenge 
increases  with  increase  in  packing  density  because 
the  fibers  are  more  confined.  The  loose  fiber  bundle 
design  offers  higher  packing  density  than  the  multi¬ 
ple  individual  buffer  tube  design  since  the  fiber  bun¬ 
dles  share  a  common  free  space  in  a  single  core  tube. 

3.1.2  Excess  Fiber  Length:  The  excess  fiber  length 
in  a  cable  is  defined  as  a  ratio  of  the  difference 
between  the  fiber  length  (Lj)  and  the  cable  length 
(Le)  to  the  cable  length  expressed  in  percent  as  fol¬ 
lows: 


tc  =  100 


Lr-L,. 


Lc 


(3. 1.2.1) 


Traditionally,  a  small  amount  of  excess  fiber  length, 
on  the  order  of  0.1%,  is  provided  in  the  loose  fiber 
bundle  design  to  insure  that  fiber  docs  not  exceed 
short-term  safe  design  strain  limits  (typically  0.33% 
for  50kpsi  proof-tested  fibers).  By  increasing  and 
precisely  controlling  this  excess  length,  one  could 
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exploit  it  to  offer  an  advantage.  For  example,  a  0.1% 
increase  in  excess  length  would  allow  a  corresponding 
30%  reduction  in  tensile  stiffness  (for  50kpsi  proof- 
tested  fibers).  However,  an  increase  in  excess  length 
generally  means  smaller  fiber  bend  radius  and  more 
demanding  design  requirements.  The  fibers  in  the 
loose  fiber  bundle  design  assume  a  path  of  least  resis¬ 
tance  to  accommodate  the  excess  length.  For 
analysis  purpose,  this  path  may  be  mathematically 
treated  as  having  a  shape  of  either  a  helix  or  a 
sinusoid. 

Schematics  of  the  helix  and  sinusoidal  models  with 
corresponding  geometric  parameters  are  shown  in 
Figs.  4  and  5,  respectively.  Let  us  first  consider  the 
helix  (subscript  h)  model  to  derive  the  excess  fiber 
length  as  a  function  of  core  tube  inside  diameter  (D), 
fiber  bundle  diameter  (d),  pitch  or  lay  length  (P),  and 
radius  of  curvature  of  fiber  bundle  (R).  The  fiber 
length  (Lf),  the  excess  fiber  length  (eeh)<  and  the 
radius  of  curvature  (R^)  for  this  model  is  given  by: 


FIGURE  4.  HELIX  MODEL 


(3. 1.2.2) 

(3. 1.2.3) 

(3. 1.2.4) 


Where  the  helix  diameter  Dt  and  radius  R(  is  given 
by: 


Dt  =  2  Rt  =  D-d 


(3. 1.2.5) 


Combining  Equations  (3. 1.2. 3)  and  (3. 1.2.4),  we  get: 


Rh _ a_ 

Rt  n-1 


Pk 

Rt 


=  2?r 


a— 1 


(3.1.2.6) 

(3. 1.2.7) 


FIGURE  5.  SINUSOIDAL  MODEL 


Where 


1+ 


100 


12 


(3.1. 2.8) 

Figure  6  shows  two  design  curves  of  and  ~~  as  a 

Rt 

function  of  bend  radii  for  the  helix  model. 


FIGURE  6.  HELIX  MODEL 


Similarly,  let  us  consider  the  sinusoid  (subscript  s) 
model.  The  length  of  fiber,  Lf,  along  the  sinusoidal 
curve  is  given  by: 


LISS  ~^r!02  [h-^cosV]*#  (3.1. 2.9) 
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Where 

nDt  .  . 

k=~]T  C3-1-2-10) 


The  integral  in  Equation  (3.1.2.9)  is  an  elliptical 
integral  of  second  kind  and  it  can  be  represented  by 
an  infinite  series.  The  excess  fiber  length  (ecs)  and 
the  minimum  radius  of  curvature  (Ra)  for  the 
sinusoidal  model  is  given  by: 

««  =  100  [(1 +k*p  (l-p)-l]  (3.1.2.11) 

Where 


P 


4 


+  ••• 


(3.1.2.12) 


(3.1.2.13) 


(3.1.2.14) 


We  observe  from  Equation  (3.1.2.11)  that  the  first 
term  is  the  same  as  the  excess  fiber  length  for  the 
helix  model  and  that  the  sinusoidal  model  always 
gives  a  lower  value  for  excess  length.  Furthermore, 
the  radius  of  curvature  for  the  helix  model  is  con¬ 
stant  along  the  curve  in  contrast  with  a  variable 
radius  of  curvature  for  the  sinusoidal  model.  For  a 
given  excess  fiber  length,  the  sinusoidal  model  is  con¬ 
servative  and  gives  a  lower  minimum  radius  than  the 
helix  model. 

Combining  Equations  (3.1.2.11)  and  (3.1.2.14),  we  get: 


R,  l-q2 
Rt  q 2 


(3.1.2.15) 

(3.1.2.16) 


Figure  7  shows  two  design  curves  for  eti  and  —  as  a 

Rt 

function  oi  minimum  bend  radii  for  sinusoid. 


8.1.8  Static  Fatigue:  The  strength  of  optical  fibers 
degrades  (or  flaw  size  grows)  under  the  influence  of 
time,  stress  and  humidity.  For  a  constant  stress,  this 
phenomenon  is  commonly  known  as  static  fatigue.  A 
relationship  between  minimum  time  to  failure  and 
applied  uniform  tensilt  stress  for  a  given  proof-tested 
fiber  is  given  in  Fig.  5.4  of  Reference!4).  Based  on 
static  fatigue  considerations  for  a  40  year  life,  the 
minimum  allowable -bend  radius  is  about  45  mm  for  a 
50  kpsi  proof-tested  fiber.  Again,  this  value  is  con¬ 
servative  since  the  probability  of  failure  in  bending  is 


significantly  less  than  in  uniform  tension.  This  pro¬ 
vides  one  constraint  on  the  minimum  bend  radius  for 
the  fiber.  The  other  constraint  is  the  increase  in 
attenuation  due  to  bending. 

8.1.4  Bending  Losses:  As  we  have  shown  above,  the 
fibers  are  bent  to  a  certain  radius  depending  on  the 
amount  of  excess  fiber  length  and  the  core  tube 
diameter.  Minimum  bend  radius  for  given  number  of 
fibers  is  obtained  by  using  the  sinusoidal  model. 
Environmental  effects  must  be  considered  since  the 
worst  case  occurs  at  lowest  operating  temperature. 
This  minimum  bend  radius  can  be  used  in  conjunc¬ 
tion  with  the  fiber  parameters  to  estimate  the 
increase  in  attenuation.  One  such  model  for  compu¬ 
tation  of  attenuation  is  given  by  Marcuse!5!.  In  gen¬ 
eral  attenuation  increases  at  1300  nm  and  1550  nm 
are  insignificant  at  bend  radii  greater  than  30  mm  in 
the  presently  available  commercial  single  mode  fibers. 

8.1.5  Filling  Compound:  A  single  filling  compound 
is  used  in  this  design  which  prevents  the  migration  of 
water  or  other  liquids  along  the  cable  core.  The 
material  is  chosen  such  that  its  rheological  properties 
in  the  operating  temperature  range,  allow  easy  fiber 
movement  when  they  are  strained.  This  is  accom¬ 
plished  by  carefully  selecting  the  critical  shear  stress 
behavior  of  the  filling  material.  This  property  is  also 
critical  in  terms  of  controlling  excess  fiber  length 
during  processing.  Furthermore,  at  high  tempera¬ 
tures,  the  compound  should  remain  in  the  cable  and 
pass  the  Bellcore’s  compound  flow  test  at  65  *C  Is! . 
The  compound  should  be  non-volatile,  non-toxic,  and 
chemically  compatible  with  t'-e  optical  fibers  and 
other  cable  components.  The  compound  also  should 
be  stable  over  the  service  life  of  the  product. 


FIGURE  7.  9NUS0D  MODEL 
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S.1.6  Optimum  Core  Size:  Based  on  the  above  con¬ 
siderations,  one  could  optimize  the  core  size  for  a 
given  number  of  fibers  and  excess  length.  For  exam¬ 
ple*  using  Fig.  3,  a  tentative  core  tube  diameter  can 
be  obtained  by  assuming  a  packing  density  between 
10%  and  20%  for  a  given  number  of  fibers.  Then  a 
minimum  bend  radius  can  be  obtained  from  Figs.  6 
and  7  for  a  given  excess  fiber  length.  Finally,  bend¬ 
ing  losses  are  estimated  to  check  if  the  attenuation 
increase  is  in  the  tolerable  limit.  This  process  can  be 
repeated  until  a  satisfactory  design  is  obtained.  Of 
course,  the  design  is  completed  only  after  a  cable 
sample  is  manufactured  and  tested  satisfactorily. 

S.8  Sheath  Design 

The  sheath  design  must  be  such  that  it  protects 
fibers  from  the  rigors  of  processing,  installation,  and 
service  environments.  Specifically,  fibers  must  be 
guarded  against  excessive  tensile  and  compressive 
strains  caused  by  these  environments.  The  light¬ 
weight  cable  sheath  consists  of  two  linear  wire 
strength  members  in  the  outer  jacket  to  form  a  com¬ 
posite  structure.  Although  rip  cords  are  not  shown 
in'Fig.  1,  they  are  provided  as  needed; 

8.2.1  Cable  Shrinkage:  All  polymeric  materials  used 
in  cables  shrink  due  to  thermal  contraction  during 
processing.  If  this  shrinkage  is  excessive,  it  induces 
high  compressive  strains  on  the  fibers  and  the 
attenuation  increases  as  the  fibers  are  constrained  to 
small  bend  radii.  Various  materials  and  techniques 
are  used  to  overcome  this  problem.  For  example, 
strength  members  (e.g.  metallic  wires,  glass  rods) 
having  both  tensile  and  compressive  stiffness,  metal¬ 
lic  armor,  and  lightly-impregnated  fiber  glass  rovings 
are  used  to  limit  the  excessive  shrinkage  with  varying 
degree  of  success. 

3.2.2  Tensile  Response:  A  linear  tensile  response 
(load  vs.  strain  curve)  of  the  cable  is  desirable  so  that 
a  predictable  amount  of  excess  fiber  length  can  be 
obtained.  Sheaths  with  linear  steel  members  do  pro¬ 
vide  the  desired  linear  response.  However,  the  use  of 
semi-rigid  or  lightly  impregnated  strength  members 
alone  do  not  offer  enough  compressive  resistance  and 
therefore  result  in  a  non-linear  behavior  with  a 
"knee"  in  the  response  curve.  A  large  knee  in  the 
curve  means  the  cable  sees  higher  strains  at  the  rated 
load  of  2,700  N  (600  lbs).  Fig.  8  shows  a  tensile 
characteristics  of  a  lightweight  cable  sheath  as  com¬ 
pared  to  a  sheath  having  stranded  lightly  impreg¬ 
nated  fiber  glass  roving  strength  members.  Note 
that  the  lightweight  design  with  steel  wires  provides 
a  linear  response  whereas  the  lightly  impregnated 
roving  design  shows  a  large  knee.  This  knee  effect 
must  be  compensated  by  providing  higher  excess 
fiber  length  to  limit  installation  strains  on  the  fibers. 

8.2.8  Environmental  Effects:  All  cable  components, 
including  the  core  and  the  sheath,  must  be  stable 
over  the  operating  temperature  range  of  -40* C  to 


85  *  C  for  the  life  of  cable.  All  distribution  cables  are 
required  to  pass  the  Bellcore’s  component  aging  test. 
I7!.  This  test  insures  high  reliability  of  the  cable  over 
its  service  life  particularly  at  a  service  access  point. 
For  example,  tests  have  shown  that  some  polymers 
when  aged  under  high  temperature  and  humidity 
degrade  very  rapidly  and  their  elongation  at  break 
drops  from  400%  to  near  zero!8!  l9).  For  this  reason  a 
hydrolytically  stable  materials  must  be  chosen  for  all 
cable  components. 

I  CABLE  TESTING 

All  new  cable  designs  are  subjected  to  customer 
specified  qualification  testing  as  well  as  supplemen¬ 
tary  testing  to  evaluate  their  design  capability. 


FIGURE  8.  TENSILE  RESPONSE  OF  CABLE 


4-1  Qualification  Tests 

4.1.1  Mechanical  Performance:  The  lightweight 
cable  was  subjected  to  a  series  of  mechanical 
endurance  tests  to  assure  superior  performance  in  the 
field.  Table  I  summarizes  the  major  standard  tests 
performed  on  this  cable.  They  are  conducted  accord¬ 
ing  to  the  Bell  Communications  Research  (Bellcore)!6! 
and  the  Electronic  Industries  Association  (EIA)!10! 
test  Procedure.  The  lightweight  cable  meets  or 
exceeds  all  of  the  requirements. 
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Table  I. 

MECHANICAL  TESTS 

Test 

,   Requirement 

Low  and  High  Temperature  Bend 

EIA-455-37 

§5,1.1 

Mandrel  Diameter  =  20x  Cable  OD 

4  Wraps  each  at  -30  *  C  and  60.*  C 

Impact  Resistance 

EIA-455-25A 

§5;1.2 

4  kg  from  150  mm  Height, 

25  Impact  Cycles 

Compressive  Strength 

rjEESSm 

ImmM 

220  N/cm 

Tensile  Strength 

EIA-455-33A 

§5.1.4 

2,700  N 

Mandrel  Diameter  =  30x  Cable  OD 

Cable  Twist 

EIA-455-85 

§5.1.5 

±180“  Twist, 

10  Cycles 

Cyclic  Flex 

EIA-455-104 

§5.1.6 

Sheave  Diameter  =  20x  Cable  OD 

30  Cyctes/min,  For  25  Cycles 

External  Freezing 

EIA-455-98A 

§5.1.7 

1  hr.  min  freeze  at  -2  *  C 

§  Section  numbers  from- Bellcore  TR-TSY-000020,  Issue  4- 


4-1.2  Optical  Performance:  The  lightweight  cable  is 
designed  to  give  the  same  optical  performance  as 
comparable  armored  designs.  Figure  9  shows  the 
optical  loss  distribution  for  a  prototype  lightweight 
cable  with  24  singlemode  fibers.  This  cable  was 
manufactured  to  meet  a  maximum  individual  fiber 
loss  of  0.40  and  0.26  dB/km  at  1310  and  1550  nm, 
respectively.  The  results  show  virtually  zero  added 
loss  in  cabling. 

In  addition  to  the  room  temperature  optical  loss,  the 
cable  was  subjected  to  standard  Bellcore  environmen¬ 
tal  test.  Figure  10  shows  the  results  of  this  test  over 
the  temperature  range  of  -40  *C  to  85 'C.  This 
design  shows  excellent  thermal  stability  over  the 
entire  temperature  range. 


4.2  Supplementary  Tests 

In  addition  to  required  qualification  tests,  several 
other  tests  were  performed  to  insure  high  reliability 
of  new  designs.  Several  of  these  tests  are  described 
below;  and  they  include  aerial  lightning  simulation, 
field  simulation,  and  field  trial. 

4.2.1  Aerial  Lightning  Simulation:  The  armor-free 
lightweight  design  is  primarily  intended  for  aerial 
applications.  In  this  application,  the  cable  is  lashed 
to  a  metallic  support  strand  with  a  metallic  lashing 
wire.  A  standard  sand  box  lightning  test  used  for 
buried  cables  is  not  representative  of  lightning  condi¬ 
tions  in  the  aerial  plant.  Therefore,  a  modified  sand 
box  test,  without  the  sand,  was  devised  to  test  the 
lightning  susceptibility  of  this  cable  in  aerial  plant; 


FIGURE  9.  LIGHTWEIGHT  CABLE  OPTICAL  LOSS  FIGURE  10.  LIGHTWEIGHT  CABLE  ENVIRONMENTAL  PERFORMANCE 
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Numerous  tests  were  performed  on  armored,  dielec¬ 
tric,  and  armor-free  designs.  Tests  have  confirmed 
that  all  designs  performed  equally  well  when  lashed 
to  a  metallic  strand.  There  was  no  damage  to  the 
core  or  fibers. 

4.2.2  Field  Simulation:  As  a  standard  practice,  all 
new  cable  designs  under  go  numerous  field  simula¬ 
tions  to  guarantee  highest  reliability.  For  example, 
the  lightweight  design  was  tested  for  underground 
cable  handling,  aerial  cable  handling,  sheave  test 
under  tension,  figure-8  crushing  test,  and  various 
plowing  tests.  These  tests  were  performed  at  the 
AT&T  Bell  Laboratories  Chester  Field  Testing 
Laboratory.  The  cable  behaved  exceptionally  good 
under  all  test  conditions  without  a  permanent  change 
in  attenuation  or  a  sheath  damage.  These  tests  show 
that  the  cable  design  is  rugged  and  craft  friendly  for 
both  aerial  and  buried  applications.  Although,  the 
design  is  primarily  intended  for  aerial  application,  it 
is  equally  suitable  for  plowing  in  a  buried  installa¬ 
tion. 

4.2.S  Field  Trial:  The  final  step  in  the  design  pro¬ 
cess  is  to  test  the  cable  in  the  field.  A  customer  is 
selected  based  on  typical  installation  and  environ¬ 
mental  conditions  to  provide  early  feedback  on  the 
new  design.  A  20  kilometer  length  of  this  cable  was 
field  trialed  in  May  of  1990  in  California.  This 
experience  indicates  that  the  cable  performed  as 
intended  and  the  handling  performance  was  excel¬ 
lent. 

5.  SUMMARY 

A  lightweight  cable  having  10  mm  (0.4  inch)  diameter 
and  weighing  90  kg/km  (60  lb/kft)  has  been  designed 
and  optimized  for  24  fibers.  This  armor-free  design 
takes  advantage  of  loose  fiber  bundle  core  and  linear 
strength  member  sheath  technologies.  Furthermore, 
by  exploiting  the  excess  fiber  length,  the  cable 
retains  a  2,700-N  (60O-lb)  tensile  load  rating.  This 
design  offers  the  same  excellent  optical  performance 
as  comparable  armored  designs;  and  it  meets  or 
exceeds  common  industry  standards.  The  cable  is 
compatible  with  universal  fiber  optic  closures,  splices, 
connectors,  and  other  hardware.  Although  intended 
primarily  for  aerial  applications,  the  cable  is  also 
suited  for  buried  and  underground  installations.  The 
lightweight  cable  is  an  ideal  choice  for  the  CATV 
market,  which  has  about  85%  of  cables  in  the  aerial 
plant,  as  well  as  loop  and  campus  applications. 
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Abstract 

Fiber  optic  cables  are  well  suited  for  aerial  applica¬ 
tions,  This  paper  will  discuss  the  design  and  test 
considerations  for  three  cable  designs  that  are  used 
aerially.  The  first  design  is  a  self-supporting 
“Figure  8”  cable.  This  cable  is  composed  of  a  steel 
messenger  and  fiber  optic  cable  core  both  with  a 
common  plastic  jacket.  The  next  cable  discussed  is 
an  all-dielectric  low  fiber  count  cable  designed  to 
meet  the  requirements  of  a  lashed  and/or  over¬ 
lashed  environment.  The  third  design  is  a  self-sup¬ 
porting,  all-dielectric  pre-stranded  optical  system. 
This  cable  is  comprised  of  an  optical  cable  stranded 
around  an  aramid  messenger.  These  designs  com¬ 
prise  a  cable  family  that  meets  the  requirements  of 
many  aerial  applications. 


Introduction 

Cables  placed  aerially  are  exposed  to  ultraviolet  ra¬ 
diation,  temperature  extremes,  ice  loading  and 
wind  loading  to  name  a  few.  All  aerial  cables 
should  have  certain  common  qualities.  They  must 
withstand  these  environmental  forces  for  many 
years.  The  optical  fiber  must  be  protected  so  that  it 
is  never  at  risk  to  attenuation  increases  due  to  bend¬ 
ing  or  catastrophic  breaks  due  to  fatigue. 

The  environment  of  the  cable  should  be  considered 
so  that  the  right  cable  is  selected.  This  is  so  that  the 
cable  will  be  strong  enough  to  withstand  the  storm 
loading  conditions  of  that  particular  area  and  yet  be 
cost  effective.  To  this  end  the  National  Electric 
Safety  Code  ANSI  C2-1990  (NESC)  gives  guidance 
for  the  selection  of  the  storm  loading  conditions. 
Given  this  information  and  then  knowing  the  span 
length,  sag  restrictions,  and  the  geographical  re¬ 
gion,  a  computer  model  may  be  used  to  aid  in  the 


selection  of  the  correct  messenger  and/or  cable  de¬ 
sign. 

Installation  costs  are  also  a  prime  consideration 
when  a  cable  system  is  being  chosen.  As  a  general 
rule,  lashed  cables  are  costlier  to  install  than  self- 
supporting  cables  due  to  the  need  to  string  up  a 
messenger  and  then  lash  the  cable.  These  cables  do 
offer  advantages  to  customers  who  wish  to  have  the 
ability  to  expand  at  some  future  date  with  minimal 
costs.  The  self-supporting  cables  cost  less  to  install 
but  are  not  as  easily  expanded. 

The  main  thrust  of  the  paper  is  to  discuss  the  im¬ 
portant  design  aspects  of  these  three  cables  as  well 
as  how  they  may  be  tested  to  ensure  that  the  design 
is  suitable  for  the  prescribed  environment. 


Design  and  Test  Considerations 
Figure  8  Cable 

Figure  8  cable,  also  known  as  Integrated 
Messenger  (IM)  cable,  is  a  self-  supporting  aerial 
cable  where  a  jacket  is  extruded  over  both  an  aerial 
messenger  and  a  cable  core.  The  cable  and  messen¬ 
ger  are  connected  by  a  “web”  (see  Figures  1  and  2) 
which  provides  coupling  that  spreads  the  loading 
over  the  entire  length  of  the  cable. 

Figure  8  cables  typically  use  the  same  type  of 
stranded  steel  messengers  used  in  lashed  cable  in¬ 
stallations  except,  they  have  an  asphaltic  flooding 
compound  in  their  interstices.  This  helps  prevent 
corrosion  of  the  messenger.1  With  a  steel  messen¬ 
ger,  care  must  be  taken  to  ensure  the  messenger  is 
well  grounded  for  the  lifetime  of  the  cable. 

Figure  8  cables  have  been  used  with  copper  cable 
cores  for  many  years.  The  use  of  a  Figure  8  design 
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with  fiber  optic  cable  cores  is  just  beginning  with 
most  of  the  major  fiber  optic  cable  producers  in¬ 
troducing  designs  over  the  last  couple  of  years.  A 
Figure  8  typically  costs  approximately  35%  less  to 
install  than  a  lashed  cable.  Figure  8  cable  uses 
standard  deadend  grips,  but  with  tangent  clamps 
modified  for  Figure  8  designs.  To  install  a  deadend 
grip,  the  messenger  is  split  from  the  cable  portion 
by  cutting  the  web.  The  plastic  over  the  messenger 
is  removed,  and  the  deadend  grip  is  applied. 
Attaching  the  cable  to  a  tangent  clamp  is  very  sim¬ 
ple.  The  messenger  portion  of  the  cable  fits  in  the 
tangent  clamp  with  the  web  and  optical  portion 
hanging  below. 

The  shape  of  Figure  8  cable  has  advantages  and  dis¬ 
advantages.  Its  shape  allows  easy  installation  and 
permits  the  fiber  optic  cable  to  be  easily  separated 
from  the  messenger,  by  simply  cutting  the  web. 
Currently,  it  is  difficult  to  over-lash  Figure  8  cable 
because  of  the  separation  between  the  messenger 
and  the  cable  and  because  the  cable  is  twisted  dur¬ 
ing  installation.  Because  of  the  Figure  8  cable’s 
shape  it  has  a  tendency  to  move  in  the  wind.  With 
the  right  tensions  and  wind  conditions  the  cable  can 
gallop.  [For  information  on  galloping,  consult 
“Transmission  Line  Vibration  Due  to  Sleet”  by  J.  P. 
Harog  in  AIEE  Transactions,  Volume  51,  1932.] 
There  are  now  procedures  to  avoid  galloping. 
During  installation  the  cable  is  twisted  several  times 
in  each  span  length.  These  twists  present  different 
airfoil  shapes  to  the  wind  which  dampens  the  gal¬ 
loping  tendency. 

Design:  The  design  of  a  Figure  8  fiber  optic 
cable  is  simplified  by  the  Figure  8’s  successful  use 
with  copper  cable  cores.  The  basis  for  making  a 
fiber  optic  Figure  8  cable  is  to  understand  the 
forces  and  environmental  conditions  imposed  by 
the  aerial  cable  plant  upon  the  fiber  optic  portion 
of  the  cable.  The  cable  should  then  be  designed  to 
meet  those  forces  and  conditions. 

Many  of  the  requirements  of  the  optical  portion  of 
a  Figure  8  cable  are  also  requirements  of  a  stan¬ 
dard  fiber  optic  cable  that  is  lashed.  These  require¬ 
ments  include  sunlight  and  lightning  resistance, 
cyclic  flexing,  hot  and  cold  bending,  temperature 
cycling  and  aging,  etc.  These  requirements  are 
currently  met  by  the  standard  loose  tube  cable  de¬ 
signs.  Many  of  the  lequirements  for  hardware 
compatibility  and  installation  are  met  by  using  stan¬ 
dard  messenger  and  jacketing  techniques.  In  de¬ 
signing  a  Figure  8  optical  cable  it  was  recognized 
that  the  steel  messenger  provides  the  tensile 


strength  to  the  Figure  8  cable.  The  optical  cable 
does  contain  yam  strength  members  to  allow  them 
to  be  tied  to  splice  enclosures  and  to  give  the  opti¬ 
cal  portion  some  tensile  strength. 

A  special  consideration  for  the  design  of  Figure  8 
cable  is  the  tear  resistance  of  the  jacketing  material. 
Starting  at  a  split  in  the  web,  the  optical  cable  por¬ 
tion  can  tear  away  from  the  messenger.  To  avoid 
such  zippering  a  relatively  tear  resistant  jacketing 
material  is  required.  The  standard  material  for 
Figure  8  jackets  is  black  polyethylene,  used  for  its 
sunlight  and  weather  resistance.  To  choose  a  jacket 
material,  various  polyethylenes  were  tested  for  tear 
resistance. 

The  most  important  difference  between  lashed 
cable  and  Figure  8  cable  is  cable  strain.  In  a  lashed 
cable,  the  messenger  is  tensioned  before  the  fiber 
optic  cable  is  attached  to  it.  For  Figure  8  cable,  the 
fiber  optic  portion  is  tensioned  along  with  the  mes¬ 
senger.  The  Figure  8  cable  core  will  see  more 
strain  than  a  comparable  lashed  cable. 

The  tensile  design  approach  for  the  fiber  optic 
Figure  8  cable  was  to  ensure  that  the  optical  fibers 
do  not  experience  strain  during  the  normal  lifetime 
of  the  cable.  The  factors  involved  with  this  design 
procedure  were  steel  messenger  elongation,  tensile 
window  of  the  fiber  optic  cable  core  and  excess 
cable  length  with  respect  to  the  steel  messenger. 
Tensile  window  refers  to  the  elongation  of  a  fiber 
optic  core  where  fiber  strain  begins. 

Very  early  in  the  design  procedure  it  was  recog¬ 
nized  that  a  large  tensile  window  would  be  needed 
for  the  loose  tube  cable.  Testing  confirmed  this. 
To  achieve  a  larger  tensile  window,  standard  large 
size  buffer  tubes  were  used  with  a  slightly  de¬ 
creased  lay  length.  This  allowed  the  tensile  win¬ 
dow  to  be  large  enough  to  meet  the  design  require¬ 
ments. 

Testing  and  Performance:  In  choosing  a  jacket¬ 
ing  material  for  the  Figure  8  optical  cable,  various 
polyethylenes  were  tested  for  tear  resistance.  The 
materials  were  evaluated  at  room  temperature  and 
at  -40°C  using  two  test  methods.  The  -40°C  testing 
was  performed  because  materials  tend  to  become 
brittle  at  lower  temperatures.  Tearing  is  a  proper¬ 
ty  usually  measured  on  rubber  materials;  plastics 
have  higher  tear  resistance.  To  ensure  tearing,  the 
samples  were  notched  in  the  desired  tear  direction. 
The  results  are  summarized  in  Table  1  for  a  low 
density  polyethylene  (LDPE),  a  linear  low  density 
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polyethylene  (LLDPE)  and  a  medium  density 
polyethylene  (MDPE).  These  materials  were  all 
jacketing  grades  of  polyethylene.  The  results  are 
not  necessarily  indicative  of  all  varieties  and  types 
of  these  materials.  Based  on  the  results,  the  MDPE 
was  chosen  as  the  jacketing  material  for  Figure  8 
cables. 


TABLE  1 

TEAR  TESTING  ON  PLASTIC  STRIPS 


METH 

P#sk  Losd 
N#wton»/ 
mm  thickness 

OD  1 
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Newtons/ 
mm  thickness 

ROOM  TEMPER  ATUR 
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ii 
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MDPE 
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_ 

_ iUil _ 

Standard  Deviations  In  Paranthaals  METHOD  1  -  Sample D 62C Die 

LOPE  (Low  Density  Polyathylana) 

UDPE  (Linear  Low  Density  Polyethylene)  METHOD  2  -  Pant*  Leg  Sample 
MOPE  (Medium  Density  Polyethylene) 

20mnVmmute  Pull  Rate 


Figure  8  optical  cables  were  tested  for  the  mechani¬ 
cal  and  environmental  performance  typically  re¬ 
quired  for  standard  fiber  optic  cable.  The  results 
showed  that  the  Figure  8  cable  design  met  the  cur¬ 
rent  customer  specification.  In  addition,  evalua¬ 
tions  were  performed  to  ensure  proper  perfor¬ 
mance  in  the  aerial  environment.  These  evaluations 
included  galloping,  lightning,  tangent  clamp  pullout 
tests,  cable  handing,  messenger  gripping  with  a 
“come  along”,  and  a  test  installation.  These  results 
are  summarized  in  Table  2.  No  problems  were 
found  with  the  performance  of  the  fiber  optic 
Figure  8  cables. 

The  most  critical  performance  issue  is  the  potential 
for  fiber  strain  during  the  life  of  the  fiber  optic 
Figure  8  cable.  To  determine  whether  the  optical 
fibers  will  see  strain  in  the  aerial  environment, 
Figure  8  cable  elongation  under  worst  case  load 
was  compared  to  the  elongation  where  fiber  strain 
begins.  The  maximum  elongation  under  load 
should  exceed  the  minimum  elongation  where  fiber 
strain  begins. 

Using  the  strength  properties  of  the  messenger  to 
determine  the  elongation  under  load  is  a  conserva¬ 
tive  approach.  To  address  this,  the  steel  messenger 
was  evaluated.  The  steel  messenger  when  installed 
will  see  varying  amounts  of  strain  over  its  lifetime. 
While  under  load,  the  stranded  messenger  will  tend 


TABLE  2 

FIGURE  8  APPLICATION  TEStING 


TEST 

DESCRIPTION 

RESULT 

Galloping 

150'  Span 

36*  Amplitude,  2  Hertz 
Deadend  and 

3  Bolt  Tanaent  Clamo 

Test  Stopped 
>  100,000  Cycles 
No  Fiber  Breaks 

Tangent  Clamp 
Pullout  Strenoth 

3  Bolt  Tangent  Clamp 

No  Slipping 

2.000  lbs. 

Grip 

Strenoth 

Strand  Puller  on 
Messenger  Jacket 

No  Slipping 

2.000  lbs. 

Test  Installation 

Independent  Contractor 
11  poles 
-  1,800  ft. 

No  Problems 
Fibers  Under  Long 
Term  Monitoring 

Handling 

& 

Stripping 

Ease  ol  Stripping, 
Handling  a  Attachment 
to  Hardware  &  Enclosures 

No  Difficulties 

Lightning 

Bellcore  TR-20 

No  Fiber  Breaks 

to  increase  in  elongation  with  time.  This  change  in 
the  steel  messenger’s  elongation  will  tend  to  expo¬ 
nentially  decay  with  time,  which  can  be  attributed 
to  construction  stretch.  To  understand  this  phe¬ 
nomena,  various  manufacturers  and  experts  were 
contacted  for  input  and  6  reels  of  steel  messenger 
were  tensile  tested  to  the  requirements  of  the 
NESC.  The  testing  involved  cycling  the  messenger 
between  0  and  60%  of  its  minimum  rated  breaking 
strength  (MRBS),  holding  the  cable  at  60%  MRBS 
for  a  week,  and  a  final  cycling.  The  results  of  this 
testing  show  a  1  week  elongation  average  of 
0.486%  when  subjected  to  3,900  pounds  of  tension. 
The  1  week  elongation  is  used  as  the  maximum 
elongation  under  load.  Only  insignificant  amounts 
of  construction  stretch  would  be  seen  with  further 
testing  time. 

A  combination  of  testing  was  performed  to  address 
where  fiber  strain  may  begin.  Combined  were  tests 
on  the  optical  core  with  the  messenger  removed, 
and  tests  to  determine  the  length  of  the  optical  core 
with  respect  to  the  length  of  the  messenger.  These 
two  results  determine  the  cable  elongation  where 
fiber  strain  occurs.  With  the  messenger  removed, 
the  optical  core  did  have  the  designed  tensile  win¬ 
dow  from  testing  per  EIA  455  FOTP  33A.  The 
length  of  the  optical  core  was  found  to  be  nearly 
the  same  as  the  messenger  from  in  process  testing 
and  from  testing  according  to  Bellcore  TR-TSY- 
000102. 
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To  compare  the  results  generated  from  the  messen¬ 
ger  and  cable  tensile  testing,  additional  factors  were 
considered,  including  the  effects  of  process  varia¬ 
tions  on  the  tensile  window,  and  the  potential  for 
long  term  creep  of  the  messenger.  The  combina¬ 
tion  of  the  test  results  show  that  the  optical  fibers  in 
this  design  of  Figure  8  cable  will  not  see  strain  in 
its  intended  application. 


Low  Fiber_Count.  All-Dielectric  Cable 

Fiber  optic  cables  have  been  lashed  and  overlashed 
to  messengers  from  the  beginning  of  their  develop¬ 
ment,  following  the  use  of  lashed  and  overlashed 
copper  cables.  Lashing  is  accomplished  by  pulling 
the  cable  parallel  and  up  to  an  already  in-place  ded¬ 
icated  messenger  (stranded  steel),  and  stranding  one 
or  two  steel  wires  over  the  cable  and  messenger. 
This  couples  the  cable  to  the  messenger.  Other  ca¬ 
bles  can  subsequently  be  overlashed  to  the  previ¬ 
ously  lashed  cable/messenger  combination  using  the 
same  procedure. 

The  advantage  of  attaching  cables  in  this  manner  is 
that  the  system  can  be  easily  upgraded  in  the  future 
by  overlashing.  The  disadvantage  is  in  the  high  ini¬ 
tial  cost  of  installing  first  a  messenger  and  then  the 
fiber  optic  cable. 

Lashed  cables  are  subject  to  a  wide  array  of  envi¬ 
ronmental  forces  such  as  sunlight,  extreme  temper¬ 
ature  fluctuations,  tensile  loading,  and  repetitive 
cycling  due  to  wind  loading.  The  lashed  cable  must 
be  able  to  “stand  on  its  own”  in  any  environment 
because  there  is  not  complete  coupling  to  the  mes¬ 
senger  as  in  a  Figure  8  cable.  For  example,  the 
cable  may  contract  more  than  the  messenger  at  low 
temperatures.  The  cable  must  also  be  rugged  so  as 
not  to  be  damaged  during  installation  in  even  the 
most  severe  conditions. 

Design;  A  fiber  optic  cable  that  functions  well 
in  a  lashed  or  overlashed  environment  should  meet 
all  customer  requirements  as  to  environmental  and 
mechanical  concerns;  and  because  of  the  cyclic 
movement,  the  cable  should  be  reliable  in  a  repeti¬ 
tive  motion  environment.  The  cable  must  be  strong 
to  withstand  potential  installation  abuse.  This  im¬ 
plies  a  tensile  strength  and  flexibility  to  protect  the 
fiber  even  under  high  tension  installations.  Two 
additional  characteristics  that  the  cable  should  have 
are  light  weight  (to  allow  the  smallest  messenger 
possible)  and  non  metallic  for  lightning  considera¬ 
tions. 


A  cable  design  that  meets  the  above  criteria  is  one 
that  uses  a  central  loose  tube  (Figures  1  and  3). 
This  negates  the  use  of  a  central  support  element, 
thus  making  the  cable  smaller  in  size  and  lighter. 
Excess  fiber  length  is  introduced  to  minimize  the 
tensile  strain  placed  on  the  fiber  for  long  life  and 
high  reliability  even  in  the  worst  case  condition  of 
high  wind  loading.  The  basic  tube  design  technolo¬ 
gy  already  exists  and  has  been  deployed  for  several 
years.2 

The  cabling  of  the  central  tube  is  key  to  the  desired 
characteristics.  The  tensile  strength  and  cable 
shrink  resistance  of  the  cable  can  be  met  by  using 
one  flexible  material  -  impregnated  fiberglass. 
This  material  offers  the  tensile  strength  of  fiber¬ 
glass  yams  but  has  improved  handling  properties 
that  resists  abrasion.  This  is  due  to  the  complete 
flooding  of  a  matrix  material  that  keeps  the  fiber¬ 
glass  from  abrading  itself  and  protects  it  from 
abrasion  by  other  materials,  process,  installation, 
and  handling  equipment.  The  matrix  material  also 
keeps  “fuzzing”  to  a  minimum  during  processing. 
The  key  property  that  the  matrix  material  gives  the 
yam  is  the  stiffness  that  resists  the  shrinkage  of  the 
cable  polymers  at  low  temperature.  These  yams, 

however,  must  be  processed  such  that  they  exhibit 
little  or  no  movement  in  the  cable.  This  prevents 
the  yams  from  buckling. 

The  impregnated  yams  offer  a  number  of  advan¬ 
tages  over  conventional  epoxied  fiberglass  rod  ma¬ 
terial.  The  yams  are  highly  flexible  so  they  are 
easily  stranded.  Stiff  tensile  elements  tend  to  hold 
their  shape  so  that  if  they  are  stranded,  the  mem¬ 
bers  will  try  to  unwind  during  handling  and/or 
processing  if  care  is  not  taken.  If  the  epoxied 
fiberglass  rods  are  processed  longitudinally  (paral¬ 
lel  with  the  cable)  they  will  tend  to  have  high  strain 
on  the  outer  section  of  the  bend.  The  impregnated 
yams  may  be  processed  just  like  aramid  yams  so 
that  they  do  not  have  to  be  incorporated  into  the 
jacket. 

The  techniques  used  in  processing  impregnated 
yams  are  crucial  for  proper  tensile  and  low  tem¬ 
perature  performance.  Too  much  yam  slack  will 
contribute  to  a  high  amount  of  cable  elongation  at 
the  rated  tensile  load.  Conversely,  if  the  cable  is 
stretched  too  much  some  excess  fiber  length  may  be 
pulled  out.  The  process  variables  that  determine 
these  two  properties  have  to  be  controlled. 

A  statistically  designed  experiment  was  useful  to 
determine  the  important  processing  variables  that 
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govern  the  above  mentioned  tensile  properties  of 
the  cable  as  well  as  the  low  temperature  shrinkage. 
In  this  case  two  responses  were  monitored:  cable 
strain  at  600  lbs  and  low  temperature  shrinkage  (- 
40  C).  Temperature  cycling  with  attenuation  mea¬ 
suring  was  not  effective  in  this  experiment  because 
of  the  long  lengths  and  amount  of  test  time  re¬ 
quired.  Therefore  a  method  of  determining  the 
amount  of  shrinkage  in  a  cable  has  been  develop¬ 
ed,2  using  conductive  strain  gages  to  measure  the 
shrinkage  of  a  cable  at  low  temperatures.  This  al¬ 
lows  the  use  of  short  cable  lengths  (30  meters). 

A  matrix  like  the  one  in  Table  3  was  used  to  find 
the  key  process  parameters.  The  example  shows 
the  tensile  response  for  a  5  variable  experiment. 
The  numbers  on  the  bottom  row  indicate  the  rela¬ 
tive  importance  of  each  variable  -  in  this  case,  the 
construction  stretch  of  the  cables.  Once  these  have 
been  determined,  it  is  important  to  be  able  to  con¬ 
trol  them  consistently.  By  controlling  the  impor¬ 
tant  process  variables  proper  cable  shrinkage  resis¬ 
tance  and  tensile  properties  may  be  optimized. 

TABLE  3 

Designed  Experiment  Response  Example 
Response:  Construction  stretch  of  csble  In  %  strain 
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Testing  and  Performance:  The  tests  performed 
on  this  cable  design,  including  all  standard  mechan¬ 
ical  and  environmental  tests  must  first  conform  to 
present  customer  specifications.  Results  show  that 
a  cable  of  this  design  can  meet  all  customer  re¬ 
quirements.  One  key  test  is  temperature  cycling 
and  aging.  Results  from  this  test  show  that  the  im¬ 
pregnated  yams  work  extremely  well  in  limiting 
the  cable  shrinkage.  Fungus  tests  were  also  per¬ 
formed  on  the  strength  members  to  confirm  their 
suitability  in  an  aerial  environment. 

Mechanical  reliability  is  important  not  only  because 
of  installation  stresses  but  also  because  the  cable 
will  be  in  motion  due  to  wind  loading.  Mechanical 
tests  such  as  cyclic  flex,  impact,  and  cable  twist 
bend  (DOD  test  for  tight  buffer  products)  were 


performed  to  many  cycles  to  determine  the  relative 
reliability  of  the  cable  and  specifically  the  tensile 
members.  A  summary  of  these  tests  can  be  seen  in 
Table  4. 

TABLE  4 

LOW  FIBER  COUNT  ALL-DIELECTRIC: 


MECHANICAL  RELIABILITY  TESTING 


TEST 

DESCRIPTION 

RESULT 

Impact 

FOTP-25 

#  Cycles  to  Initial  Wear 

6,000 

(7,000  to  50%  Reduction) 

Cycle  Flex 

FOTP-104 

25,000 

(Test  Stopped) 

Twist  Bend 

DOD-STD-1678 
Method  2060 

500 

(5,000  to  50%  Reduction) 

One  important  aspect  of  the  lashed  environment 
concerns  how  the  lashed  cable  is  coupled  to  the 
messenger.  A  study  was  undertaken  to  determine 
the  degree  of  coupling  between  a  messenger  and 
lashed  and  overlashed  cable.  Here  a  300  foot  sec¬ 
tion  of  stranded  steel  messenger  was  strung  be¬ 
tween  two  fixed  posts,  and  both  ends  were  termi¬ 
nated  using  steel  grips  with  one  end  tied  to  a  load 
cell.  The  messenger  was  tensioned  using  an  electric 
wench.  A  multi-tube  cable  was  then  lashed  onto  the 
messenger  and  then  a  single  tube  cable  was  over¬ 
lashed.  The  messenger  was  then  tension  cycled. 
The  relative  motion  between  the  cables  and  the 
messenger  were  monitored.  Although  crude,  this 
test  showed  that  there  is  significant  but  incomplete 
coupling  between  the  lashed  and  overlashed  cables 
and  the  messenger.  Cables  to  be  lashed  or  over¬ 
lashed  will  be  considered  completely  coupled  to  the 
messenger  during  wind  and  ice  loading  as  a  conser¬ 
vative  estimate.  The  cable  is  considered  uncoupled 
for  low  temperature  situations  also  as  a  conserva¬ 
tive  estimate. 

Pre-Stranded  Optical  System 

The  requirements  for  self-supporting  aerial  fiber 
optic  cables  are  as  varied  as  the  applications  that 
dictate  their  use.  Span  distances  vary  and  worst 
case  ice  and  wind  loading  conditions  change  from 
one  geographic  area  to  another.  These  changing 
requirements  limit  the  use  of  most  self-supporting 
aerial  cables  (such  as  Figure  8)  to  installations  lim¬ 
ited  by  a  tightly  defined  specification. 
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A  dielectric  pre-stranded  optical  system  (Figure  1) 
has  been  designed  as  a  means  to  meet  the  different 
aerial  requirements  with  one  basic  design.  The 
pre-stranded  optical  system  consists  of  a  standard 
loose  tube  cable  and  a  separate  messenger.  Various 
messengers  can  be  substituted  for  a  specific  applica¬ 
tion.  The  messengers  are  manufactured  in  variety 
of  standard  sizes  ranging  from  Types  A  -  E,  with 
each  messenger  yielding  a  larger  rated  breaking 
strength. 

Many  cables  are  designed  as  “one  size  fits  all”. 
This  results  in  an  overkill  product  for  short  spans 
in  Light  NESC  regions  and  not  enough  strength 
member  for  more  severe  applications  unless  lashed 
to  a  dedicated  messenger.  The  pre-stranded  optical 
system  enables  the  customer  to  use  smaller,  less  ex¬ 
pensive  messengers  for  shorter  spans  and  larger 
messengers  for  the  more  extreme  applications. 
Also,  fiber  count  is  not  a  limiting  factor  for  the 
pre-stranded  optical  system  .  The  use  of  variable 
messengers,  with  variable  tensile  ratings,  allows  the 
cable  to  be  tailored  to  the  customer ’s  requirements 
and  still  accommodate  fiber  counts  up  to  192  fibers 
in  both  single-mode  and  multimode. 

Another  advantage  the  pre-stranded  optical  system 
offers  is  the  ability  to  combine  aerial  installations 
with  a  duct  application.  The  two  component  design 
makes  it  possible  to  strand  only  a  portion  of  the 
fiber  optic  cable  around  the  messenger,  thus  leaving 
a  length  of  fiber  optic  cable  un-messengered  and 
available  to  be  pulled  directly  into  a  duct.  This  of¬ 
fers  the  customer  the  ability  to  avoid  splice  points 
and  the  extra  cost  of  unneeded  messenger  strength 
as  in  the  case  of  Figure-8  and  concentric  cables.3 

Typically,  a  major  concern  when  using  aramid 
yams  is  the  ability  to  control  the  construction 
stretch.  As  will  be  discussed  below,  numerous  tests 
have  been  performed  to  better  understand  construc¬ 
tion  stretch  and  how  it  pertains  to  the  pre-stranded 
optical  system  .  The  messengers  are  manufactured 
to  keep  the  construction  stretch  at  the  lowest  possi¬ 
ble  level  for  all  messengers.  Computer  models 
allow  us  to  predict  the  construction  stretch  for  each 
messenger  and  application. 

The  material  cost  of  the  pre-stranded  optical  system 
will  usually  be  greater  than  the  cost  of  a  steel  mes¬ 
senger,  a  fiber  optic  cable,  and  the  lashing  wire. 
This  is  driven  by  the  higher  cost  of  aramid  yam 
versus  steel.  However,  the  advantages  of  the  pre- 
stranded  optical  system  more  than  compensate  for 
this  higher  cost.  The  use  of  aramid  yarn  as  the 


strength  element  insures  that  1)  the  pre-stranded 
optical  system  cable  will  be  light  and  easy  to  handle 
and  2)  that  the  system  is  lightning  resistant,  requir¬ 
ing  no  grounding.  Because  of  the  high  strength  to 
weight  ratio  of  Kevlar®,  installations  of  up  to  4 
kms  can  be  made  in  a  single  pull  without  exceeding 
the  maximum  recommended  installation  tension. 
The  labor  cost  of  installing  the  pre-stranded  optical 
system  is  less  than  lash'-'g  a  cable  to  a  dedicated 
messenger.  It  takes  approximately  the  same  amount 
of  time  to  completely  install  the  pre-stranded  opti¬ 
cal  system  as  it  does  to  install  the  messenger  in  a 
lashing  process.  As  a  result,  actual  installation  cost 
estimates  for  the  pre-stranded  optical  system  typi¬ 
cally  have  been  3545%  less  than  lashing. 

Design:  In  order  to  meet  requirements  for 
long  span  lengths  and  all-dielectric  cables,  aramid 
yam  messengers  have  been  incorporated  so  the 
fiber  optic  component  may  be  isolated  from  the 
high  tensions  that  can  be  placed  on  the  messenger 
during  installation  and  worse  case  environmental 
loading.  Thus,  the  fibers  remain  in  a  virtually 
strain-free  state  throughout  operation. 

The  pre-stranded  optical  system  cable  is  comprised 
of  two  separate  and  distinct  components:  1)  a  stan¬ 
dard  all-dielectric  loose  tube  cable  and  2)  a 
polyurethane  jacketed  impregnated  aramid  yam 
messenger.  The  fiber  optic  cable  is  helically 
wrapped  around  the  messenger;  however  there  is 
no  physical  bond  between  the  two,  as  in  a  Figure  8 
cable.  The  aramid  yams  within  the  messenger  are 
c'  ;mically  bonded  to  a  UV  and  fungus  resistant 
polyurethane  jacket.  The  messenger  is  also  con¬ 
structed  such  that  the  pre-stranded  optical  system 
cable  is  torque  balanced.  The  stranded  product  en¬ 
ables  the  complete  system  to  be  pulled  in  at  once, 
both  the  messenger  cable  and  fiber  optic  cable. 
The  messenger  is  easily  assessable,  which  allows  the 
tangent  hardware  to  couple  directly  to  the  messen¬ 
ger,  as  opposed  to  the  concentric  design  where  the 
fiber  optic  cable  core  is  also  in  contact  with  the 
compressive  forces  of  the  hardware  and  subject  to 
bending  stresses. 

The  use  of  aramid  yams  as  the  strength  member  al¬ 
lows  the  cable  to  be  all-dielectric.  To  achieve  rated 
breaking  strength  (RBS)  performance  in  the  order 
of  8,000  lbs  to  10,000  lbs,  hundreds  of  ends  of 
yam  are  required.  When  working  with  so  many 
yams,  it  is  critical  to  achieve  equal  tensioning  as 
well  as  minimal  construction  stretch.  This  becomes 
even  more  critical  when  the  rope  /  messenger  cable 
is  combined  with  a  fiber  optic  cable  and  0%  tensile 
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fiber  strain  is  required.  In  conjunction  with  the 
messenger  supplier,  the  messenger  cable  construc¬ 
tion  has  been  maximized. 

Early  on  in  the  tests  it  became  apparent  that  signifi¬ 
cant  increases  in  messenger  performance  could  be 
realized  if  the  amount  of  slack  yam  in  the  messen¬ 
gers  were  minimized.  By  minimizing  the  slack  / 
construction  stretch,  the  messenger  would  reach  a 
greater  load  without  going  beyond  the  fiber  optic 
cable’s  tensile  window.  The  goal  was  to  determine 
to  what  values  the  tension  and  strain  would  drift  or 
creep  over  time.  The  following  test  method  al¬ 
lowed  the  messenger  cables  to  be  analyzed:  A  100 
meter  messenger  cable  sample  was  pulled  to  a  spe¬ 
cific  strain  value  equivalent  to  the  tensile  window 
of  the  fiber  optic  cable.  The  tensile  load  was 
recorded  at  0.05%  intervals.  The  messenger  was 
then  held  at  this  constant  strain  while  the  tensile 
load  was  monitored.  The  final  tensile  load  value, 
after  the  messenger  relaxed,  was  equivalent  to  max¬ 
imum  load  the  messenger  could  withstand  before 
inducing  fiber  strain.  The  tensile  load  of  the  mes¬ 
senger  was  then  reduced,  again  recording  load  val¬ 
ues  at  0.05%  intervals.  The  residual  strain  on  the 
messenger  after  load  removal  at  zero  load  was  de¬ 
termined  to  be  the  the  amount  of  construction 
stretch  of  the  messenger.  A  key  to  the  project; 
therefore  was  to  minimize  the  construction  stretch 
which  then  increases  the  maximum  load  at  the  fiber 
optic  cable’s  tensile  window. 

To  complete  the  design,  hardware  must  be  selected. 
For  convenience  and  familiarity,  it  was  decided  to 
select  and  test  hardware  common  to  both  telephony 
and  utility  markets.  A  mechanical  deadend  and  a  3- 
bolt  tangent  clamp  were  desired.  Because  the  pre¬ 
stranded  optical  system  has  two  separate  compo¬ 
nents,  the  fiber  optic  cable  is  never  directly  in¬ 
volved  in  the  termination  or  tangent  attachment, 
which  made  hardware  selection  easier.  Only  the 
messenger  is  attached  to  the  poles  and  subjected  to 
high  tension.  The  pre-stranded  optical  system  was 
designed  to  incorporate  a  three-bolt  tangent  attach¬ 
ment  which  could  handle  up  to  a  20°  running  angle. 
Typical  deadends  for  Kevlar  cables  are  the  standard 
socket  with  a  polyester  resin.  The  biggest  negative 
is  the  preparation  and  curing  time  required  to  in¬ 
stall  a  resin  socket  deadend.  With  this  in  mind  a 
mechanical  deadend  was  sought  which  would  re¬ 
duce  the  installation  time.  After  evaluating  various 
terminations,  the  internal  plug  termination  was  de¬ 
termined  to  be  the  best.  This  deadend  couples  di¬ 
rectly  onto  the  aramid  yam.  It  does  not  rely  upon 
the  outer  jacket  for  support  and  can  be  attached  to 


standard  pole  attachments.  This  deadend  provides 
excellent  environmental  stability  over  the  operating 
range. 

Testing  and  Performance:  Once  each  separate 
component  was  tested  and  their  performance  was 
well  understood,  the  next  area  was  to  explore  the 
complete  system  performance.  Because  of  the  stan¬ 
dard  profile,  the  cable  is  aerodynamically  stable, 
creating  a  self-dampening  effect  during  windy  peri¬ 
ods.  This  in  turn  will  reduce  the  cable’s  tendency 
to  gallop  or  experience  aeolian  vibrations. 
However  to  insure  the  stability  and  ability  of  the 
pre-stranded  optical  system  to  endure  the  most  se¬ 
vere  environments,  the  hardware  and  cable  system 
was  subjected  to  the  following  tests. 

•  Galloping 

•  Aeolian  Vibration 

•  Static  Fatigue 

•  Load  Unbalance 

The  tests  listed  are  above  and  beyond  the  typical 
customer  requirements.  The  fiber  optic  cable  is  a 
standard  dielectric  loose  tube  design  and  meets  all 
of  the  customer  requirement.  The  messenger, 
where  applicable,  meets  all  the  customer  require¬ 
ments,  such  as  mechanical  tests,  water  penetration 
and  material  properties. 

The  static  fatigue  testing  was  the  first  test  to  deter¬ 
mine  the  stability  of  the  mechanical  deadend.  The 
intent  of  this  test  was  to  determine  the  threshold  of 
the  deadend  when  exposed  to  a  constant  load  at  con¬ 
stant  high  temperature.  Various  deadends  were 
tested  and  eliminated  by  this  test.  The  test  criteria 
was  for  the  deadend  and  messenger  cable  to  endure 
+65'C  for  a  minimum  of  24  hours.  +65°G  is  the 
normal  temperature  range  a  cable  is  tested  to  using 
Bellcore  standards  and  the  24  hours  would  be  twice 
the  exposure  time  of  the  hardware.  The  internal 
plug  deadend  yielded  consistent  performance  and 
was  unaffected  by  temperature. 

For  aerial  cables,  the  tangent  clamp  is  the  critical 
link  of  the  aerial  plant  aside  from  the  cable.  The 
tangent  should  be  able  to  support  the  product  even 
if  an  adjacent  span  is  broken  thereby  holding  just  as 
a  deadend.  The  unbalanced  load  test  determines  the 
maximum  load  the  tangent  assembly  can  support 
when  the  cable  is  tensioned  just  on  one  side.  This 
test  is  similar  to  the  static  fatigue  test  with  the  tan¬ 
gent  assembly  acting  as  a  deadend.  The  data  gath¬ 
ered  would  indicate  the  stability  of  the  tangent  and 
also  determine  the  maximum  span  difference 
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(delta)  on  each  side  of  the  tangent  that  could  be 
supported.  The  tangent  was  not  expected  to  give 
the  same  performance  as  a  deadend;  however  a 
20%  efficiency  with  the  larger  messengers  and 
25%  efficiency  on  the  smaller  messengers  was 
achieved.  These  tension  values  equate  to  a  span 
delta  ranging  from  345  to  450  feet.  The  perfor¬ 
mance  of  this  tangent  assembly  verifies  its  ability  to 
support  the  pre-stranded  optical  system  in  the  worst 
of  conditions  even  if  the  tangent  clamp  is  exposed 
to  tremendous  unbalanced  loads. 

The  galloping  test  subjects  the  cable  and  hardware 
to  a  minimum  of  100,000  galloping  cycles  at  the 
single  loop  resonant  frequency.  The  peak-to-peak 
antinode  amplitude/loop  length  ratio  was  main¬ 
tained  at  0.04.  The  cable  sample  was  75  ft  between 
deadend  abutments  with  a  tangent  clamp  located  at 
the  midway  point.  The  pre-stranded  optical  system 
cable  was  tensioned  up  to  a  typical  span  installation 
tension  of  400  lbs  and  driven  by  an  electronically- 
controlled  shaker  in  the  vertical  plane.  Hardware 
and  cable  inspections  were  made  every  5,000  cy¬ 
cles.  The  test  was  repeated  with  the  tangent  assem¬ 
bly  turned  to  an  offset  angle  of  20°  in  order  to  de¬ 
termine  the  limitations  of  the  hardware.  The  test 
continued  for  100,000  galloping  cycles.  No  dam¬ 
age  was  recorded  on  the  messenger,  fiber  optic 
cable,  deadend  or  tangent  assembly  at  either  0°  or 
20°  offset. 

Aeolian  vibration  is  typically  a  concern  with  con¬ 
centric  cables.  Yet  to  insure  the  stability  of  the 
pre-stranded  optical  system,  aeolian  vibration  tests 
were  conducted.  Perhaps  the  most  important  area 
of  concern  with  this  system  is  the  ability  of  the 
hardware  to  withstand  material  fatigue  or  yarn 
breakage,  when  subjected  to  such  high  frequencies 
as  what  would  be  experienced  with  aeolian  vibra¬ 
tion.  The  setup  was  similar  to  that  used  in  the  gal¬ 
loping  tests.  During  this  test  the  cable  samples 
were  tensioned  to  500  lbs.  The  shaker  was  located 
in  the  span  close  to  the  deadend,  to  allow  a  mini¬ 
mum  of  six  vibration  loops  between  the  suspension 
/  tangent  assembly  and  the  shaker.  The  frequency 
of  the  test  span  was  maintained  at  the  frequency 
produced  by  a  10  mph  wind,  60.1  Hz.  The  loop 
peak-to-peak  antinode  amplitude  was  maintained  at 
one-third  the  diameter  of  die  cable.  The  cable  sam¬ 
ples  were  subjected  to  a  minimum  of  100  million 
vibration  cycles.  Inspections  were  make  twice  a 
day,  with  the  sample  and  test  captured  on  video. 
There  was  no  damage  to  the  complete  system. 
Neither  the  hardware  or  cable  showed  any  damage. 


After  both  the  galloping  and  vibration  tests,  the 
samples,  with  the  deadends  still  in  place,  were 
pulled  to  break  to  evaluate  any  static  fatigue.  All 
samples  achieved  the  same  strength  efficiency  as 
with  previous  samples  tested.  This  indicated  that 
the  cable  system  would  remain  secure  even  after 
being  exposed  to  significant  galloping  and  aeolian 
vibrations. 


Conclusion 

Three  cable  designs  have  been  presented  which 
meet  various  fiber  optic  aerial  application  require¬ 
ments:  1)  A  self-supporting,  steel  messenger 
cable  known  as  a  figure  8  cable.  2)  A  low  fiber 
count  all-dielectric  cable  well  suited  for  lashed  and 
overlashed  environments.  3)  A  pre-stranded  opti¬ 
cal  system  that  consists  of  a  dielectric  messenger 
with  a  helically  wrapped  loose  tube  optical  fiber 
cable.  All  three  cable  types  have  certain  common 
design  requirements,  with  tensile  performance 
identified  as  the  most  critical.  The  three  methods  of 
assuring  proper  tensile  characteristics  and  unique 
design  challenges  were  discussed  in  the  respective 
section. 

Test  results  for  specific  key  areas  were  presented 
for  each  cable,  showing  that  each  cable  meets  all 
customer-published  requirements  for  cable  perfor¬ 
mance. 
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FIGURE  2 
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FIGURE  3 
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Abstract 

A  loose  multi-core  OPGW  has  been 
developed,  and  as  a  result  of  the 
development  of  a  24-core  optical  cable 
with  a  small  diameter,  and  of  the 
development  of  a  strand  conductor  section 
with  a  large  diameter.  This  OPGW  can 
accommodate  twice  as  many  fibers  as  the 
existing  loose  OPGW  without  losing  its 
strain  relief  effect.  We  will  describe  in 
this  paper  the  specifications  and 
construction  of  the  newly  developed  OPGW, 
as  well  as  report  on  the  results  of 
various  evaluation  tests  and  a  field  test. 

.LJLQ  tjroduc.tip.n 

Since  the  use  of  OPGW  began  in  1982, 
The  Kansai  Electric  Power  Co.,  Ltd.  has 
been  using  it  in  a  wide  range  of 
applications,  including  power  transmission 
systems  and  data  communication  systems, 
and  has  carried  out  the  development  of 
multi-core  OPGW  to  promote  lager 
communications  capacity. 

Generally,  OPGW  is  divided  into  two 
types  :  fixed  and  loose.  The  fixed  OPGW  is 
available  as  a  layer  type  and  as  an  spacer 
type,  both  having  the  advantage  of  being 
easy  to  make  in  multi-cores.  On  the  one 
hand,  the  loose  OPGW,  which  has  a  space 
between  the  aluminum  pipe  and  the  optical 
cable,  has  the  advantage  of  relieving 
strains  imposed  on  fibers  when  the  cable 
is  wired.  On  the  other  hand,  the  loose 
OPGW  is  difficult  to  make  in  multi-cores 
because  it  requires  a  space  between  the 
aluminum  pipe  and  the  optical  fiber  cable, 
thus  limiting  to  12  cores.  Under  such 
conditions,  we  have  developed  a  loose  24 
-core  OPGW,  or  twice  as  many  cores  as 
allowed  by  the  conventional  loose  OPGW. 

2...Cabl  e_des  ign 

2- 1  D  e  s  i  g  n_c  r  i  t_er  i  a 

The  design  criteria  are  as  follows  : 

(1)  Capable  of  accommodating  SM  fibers  in 
more  than  24  cores. 

Because  OPGW  is  often  laid  in  trunk 
lines,  we  will  use  single-mode(SM)  fiber. 


As  the  maximum  number  of  cores  in  the 
conventional  loose  OPGW  was  12,  we  set  a 
development  target  to  double  that  figure. 

(2)  The  cable  should  have  strain  relief 
effect. 

The  multi-core  construction  should 
not  impair  the  cable’s  strain  relief 
effect. 

(3)  The  cable  should  have  mechanical  and 
electrical  characteristics  such  that  it 
can  be  installed  on  existing  towers. 

Installing  an  OPGW  includes  replacing 
the  existing  overhead  ground  wire  and 
mounting  on  the  tower,  but  in  either  case 
the  design  of  the  tower  is  identical. 
Therefore,  the  new  OPGW  should  have 
mechanical  and  electrical  characteristics 
such  that  it  can  be  installed  on  existing 
towers. 

(4)  The  cable  should  have  better  or  equal 
transmission  characteristics  than  ’the 
existing  OPGW. 

This  OPGW  is  used  for  transmission  in 
the  normal  SM  band  of  1.3  urn.  Therefore, 
we  set  a  target  to  improve  the 
transmission  characteristics  of  the 
existing  SM  12  core  OPGW. 

(5)  The  cable  should  be  capable  of 
installing  without  any  special  processes 
or  tools. 

To  minimize  an  increase  in 
construction  costs  associated  with  the  .new 
OPGW,  the  cable  should  be  capable  of 
installing  without  any  special  processes 
or  tools. 

To  meet  these  requirements,  we 
focused  development  on  the  following  four 
points  : 

(1)  Develop  a  24-core  optical  cable  with  a 
small  diameter. 

(2)  The  aluminum  pipe  should  be  of  such 
dimensions  that  ensure  sufficient  space 
between  the  aluminum  pipe  and  the  optical 
cable. 

(3)  Develop  such  a  stranded  conductor 
section  that  can  be  installed  on  existing 
towers. 

(4)  The  optical  cable  must  be  composed  of 
metal-free  and  heat-resistant  materials. 
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2-2. Specif ications 

Table  1  compares  the  specifications 
of  the  newly  developed  24-core  OPGW  with 
the  conventional  12-core  OPGW.  The  table 
shows  55  mm2  as  an  example  of  the  stranded 
conductor  in  a  single  layer,  and  120  mm2 
as  an  example  of  a  double  layer.  We  used 
the  SM  fiber  of  1.3  #m  band  that  has  an 
MFD'  of  10+1  u m,  a  clad  diameter  of  125 
yum,  and  a  cut-off  wavelength  of  1.10  to 
1.28  /zm. 

2-3. Small  diameter  24-core  optical .cable 

The  structure  of  the  24-core  optical 
cable  with  small  diameter  is  shown  in  Fig. 
1,  and  that  of  the  conventional  12-core 
optical  cable  in  Fig.  2.  Both  cable  are 
non-metallic  and  structured  with  materials 
having  a  heat  resistance  greater  than  300 
*c.  The  optical  fiber  with  silicone  resin 
coating  is  used  in  order  to  provide  for 
heat  resistance.  The  small  diameter  24- 
core  optical  cable  comprises  four  small 


Fig . 1 .  Cross  section  of  24  core  optical  cable 


Heat  resistant  plastic 
FRP 

Optical  fiber 
Silicone  filler 


Fig. 2.  Cross  section  of  12  core  optical  cable 


diameter  6-core  units  assembled  with 
plastic  string  fillers,  and  is  jacketed 
with  a  Teflon  sheath.  The  small  diameter 
6-core  units  are  assembled  with  six 
optical  fiber,  and  with  silicone  resin 
filled  around  an  FRP  tension  member-.  Then 
thin  polyimide  tape  is  wound  around  the 
unit.  The  polyimide  tape  allows  the 
diameter  to  be  smaller,  and  makes  cable 
easier  to  manufacture.  The  silicone  resin 
prevents  the  transmission  and  mechanical 
characteristics  from  degradation  if  the 
unit  sheath  should  be  removed. 

Fig.  3  shows  the  result  of  a  lateral 
pressure  test  performed  on  two  kinds  of 
24-core  optical  cables,  one  filled  with 
silicone  resin,  and  the  other  not.  In  this 
test,  a  loss  increase  was  measured  when  a 
24-core  SM  fiber  was  connected  in  a  loop 
and  compressed  using  a  flat  plate  that  is 
50  mm  wide.  The  figure  indicates  an 
apparent  improvement  in  its  lateral 
pressure  characteristics  as  a  result  of 
the  filling  with  silicone  resin. 

The  plastic  string  filler  serves  to  form 
a  circular  cross-section,  thus  making  the 
cable  easier  to  manufacture.  The  outer 
Teflon  sheath  protects  the  unit  and 
produces  a  strain  reduction  effect  as  a 
result  of  its  small  frictional 
coefficient. 


0  20  40  60  80  100 

Lateral  pressure  (N/cm) 

Fig. 3.  Loss  increase  versus  lateral 
pressure 


Table  1 ■  Specif ications 


Item 

Unit 

New  OPGW 

HTlITilUTiT’IIMMI 

55mm  2 

120mm2 

55mm2 

OPGW 

Outer  diameter 

mm 

HfllKHH 

18.5 

9.6 

17.5 

Weight  per  unit  length 

kg/km 

385 

821 

344 

736 

Ultimate  tensile  strength 

kN 

64  .  0 

108 

HEQOHH 

96  .  6 

Elastic  nodulous 

kN/mm 2 

149 

94.4 

149 

93.7 

Expantion  coefficient 

l/'C 

12. 9X10'6 

npmf TiBi 

12. 9  x  1 0 " 6 

mnana 

Electrical  resistant(20' C) 

Q  /km 

1.36 

IMMiWlilMl 

1  .54 

0  225 

A  luminum 
Pipe 

Outer  diameter 

mm 

6.0 

5.0 

Inner  diameter 

mm 

4.6 

3.8 

Thickness 

mm 

0.7 

0.6 

Optical 

Cable 

Outer  diameter 

mm 

3.6 

2.8  ’ 

Weight  per  unit  length 

1TBTW 

15 

10 

Gap  between  Aluminum  pipe 

mm 

1.0 

1.0 

Number  of  optical  fiber 

- 

24 

12 
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2-4. Aluminum  pi pe 

An  aluminum  pipe  with  an  outer 
diameter  of  6  mm  and  inner  diameter  of  4.6 
mm,  as  shown  in  Table  1  was  used.  The 
space  between  the  inside  of  the  aluminum 
pipe  and  the  optical  cable  was  set  at  1 
mm,  identical  to  the  conventional  cable  in 
order  to  achieve  a  strain  relief  effect 
equivalent  to  that  of  the  existing  loose 
OPGW.  This  1  mm  clearance  includes  a 
crushing  margin  for  the  bolt-tightening 
clamp,  and  for  the  size  of  the  welding 
beads  on  the  inside  of  the  aluminum  pipe. 
The  pipe  thickness,  which  was  0.6  mm  in 
conventional  cables,  was  increased  by  0.1 
mm  to  0.7  mm  in  order  to  prevent 
degradation  that  would  result  from  the 
increase  d  outer  diameter. 

Str.anded_cpnduc_tqr 
(l)Single- layer  structure  (55  mm2) 

Fig.  4  shows  the  structure  of  the 
newly  developed  55  mm2  OPGW.  In 
determining  the  structure  of  the  stranded 
conductor,  we  examined  the  following  three 
models  using  a  6  mm  aluminum  pipe  : 

Type  I  :  The  outer  diameter  of  the 
OPGW  is  identical  to  that  of  conventional 
wires  (outer  diameter  equivalence). 

Type  II  :  The  cross-sectional  area  of 
the  stranded  conductor  is  identical  to 
that  of  conventional  wires  (cross- 
sectional  area  equivalence). 


Aluoinua  clad  sleel  wire 
Aluminum  pipe 
Optical  cable 


Fig. 4.  Cross  section  of  2-1  core  OPGW  55*** 


Type  III  :  The  thickness  of  an 
aluminum-clad  steel  wire  is  identical  to 
that  of  conventional  wires  (thickness 
equivalence) . 

The  specifications  for  existing 
overhead  ground-wire  and  conventional  OPGW 
are  shown  collectively  in  Table  2,  in 
addition  to  the  specifications  for  the 
above  three  models.  Maximum  working 
tension  was  examined  when  mounting  these 
cables  in  a  manner  such  that  the  lowest 
temperature  and  the  sag  at  no  wind  are  80% 
of  the  power  cable  mounted  under 
conditions  shown  in  Table  3.  Fig.  5  shows 
the  results.  The  figure  indicates  that 
cases  in  which  the  maximum  working  tension 
of  the  GSW  55  mm2  is  exceeded  are  limited 
to  cases  in  which  the  span  length  was  long 
in  the  thickness  equivalence.  However,  we 
discovered  as  a  result  of  examining  the 
tower  strength  in  this  case,  that  the 
strength  margin  for  tower  members  is 
decreased  by  only  1%  to  2%.  Hence,  there 
are  no  problem  with  its  practical  use. 


Fig. 5.  Maxioua  vork'r.g  tention  of  OPGW  55mo2 


Table  2.  Data  of  ground  wire  and  OPGW 


Item 

i 

Name  & 
Number  of 
fibers 

CONVENT! 
G  W  (GSW) 
55mm2 

No  fiber 

:  0  N  A  L 
OPGW 
55mm2 

12  fibers 

!  NEWLY  DESIGNED 

OPGW  55mm2 

24  fibers 

Plii 

m 

[Strand  construction  (1/mra)  ! 

7/3  .  2 

6/(3. 24) 

6/(2. 95) 

6/(3. 25) 

EMM 

Outer  diameter 

UMBHi 

9.8 

9.6 

9.6 

10.2 

(mm) 

[Aluminum  pipe 

— 

5.0 

6.0 

6.0 

Weight  per  unit 

length  (kg/km) 

■  ir— 

344 

■EEEHM1 

357 

395 

Section  area  (mu 

m 

58.3 

49.2 

41.0  1 

50.0 

55.8 

Ultimate  tensile  strength  ( k N ) 

83.4 

56.7 

47.1 

57.2 

IBSBHHi1 

Elastic  modulous  (kN/mm2) 

1 IT11 

149 

149 

149 

149 

BTHBifniffl  mjjiaifwB 

imaiM 

1  2  .  9  X  1  0  "  6 

1 2 . 9x 1 0  "  6 

1  2  .  9  x  1  0  "  6  1 

1  2  .  9  X 1  0  *  6 

Table  3 ■  Stringing  condition  of  over  bead  transmission  line 


Tower  span  length 

from  150m  to  450m 

nil  iinmi  nr— 

0  m 

Conductor 

Load  condition 
(Worse  case) 

Maximum  working  tension 

3  2  .  4  kN 
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Fig.  6  shows  the  results  of  comparing 
the  safety  ratio  of  the  cables  mounted 
under  the  same  conditions  as  in  Fig.  5, 
where  the  safety  ratio  is  represented  by 
formula  [1]  below.  The  calculations  showed 
that  the  span  length  was  long  in  the 
outer  diameter  equivalence.  However,  in 
this  case,  as  well,  the  safety  ratio  is 
ensured  to  be  more  than  3,  a  value  that 
presents  no  problems  for  the  cable 
mounting  design. 


•ITS 

Safety  ratio  =  (  )  X  100  ---  [1] 

where  UTS  =  Ultimate  tensile  strength 
MWT  =  Maximum  working  tension 

The  results  of  the'  above  examination 
show  that  the  outer  diameter  equivalence, 
the  cross  sectional  area  equivalence  and 
the  thickness  equivalence  are  applicable. 
However,  the  stranded  conductor  structure 
design  was  determined  according  to  the 
thickness  equivalence,  after  taking  into 
account  the  improved  lightening  resistant 
characteristic  of  the  strand  and  its 
larger  tensile  strength,  exceeding  that  in 
conventional  OPGWs. 


(2)Double  layer  structure  (120  mm2) 

Fig.  7  shows  the  structure  of  the 
newly  developed  OPGW  120  mm2.  Regarding 
the  OPGW  with  double- layered  stranded 
conductors,  while  the  first  layer 
structures  is  assumed  to  be  designed 
according  to  the  thickness  equivalence  of 
conventional  OPGWs  as  in  the  case  of 
single-layered  structure,  the  following 
two  models  were  examined  with  respect  to 
their  diameter  and  the  number  of  strands 
in  an  aluminum  wire  in  the  second  layer  : 

Type  IV  :  The  number  of  aluminum 
wires  equals  12  as  with  conventional  OPGW. 

Type  V  :  The  outer  diameter  of 
aluminum  wire  is  the  same  as  that  of  the 
conventional  OPGW. 

The  specifications  for  the  existing 
overhead  ground-wire  and  conventional  OPGW 
are  shown  collectively  in  Table  4,  as  are 
those  for  the  above  two  models.  The 
maximum  working  tension  was  examined  in 
cases  mounting  these  cables  in  a  manner 
such  that  the  lowest  temperature  and  the 
sag  at  no  wind  are  80%  of  the  power  cable 
mounted  under  the  conditions  described  by 
Table  5.  Fig.  8  shows  the  results.  The 
figure  indicates  that  the  cases  in  which 
the  maximum  working  tension  of  GSW  120  mm2 
is  exceeded  are  limited  to  cases  in  which 
the  number  of  aluminum  conductor  is  the 
same.  However,  examining  the  tower 
strength  in  this  case,  revealed  that  it 
was  within  the  allowable  strength  margin 
for  the  tower,  and  that  hence  there  were 
no  problems  in  the  practical  use. 


Fig. 6.  Safety  ratio  of  OPGW  55»a* 


Fig. 7.  Cross  section  of  24  core  OPGW  120a»2 


Table  4.  Data  of  ground  wire  andOPnW 


Item 

CONVENTIONAL 

■rim  ■  imm  —— 

Name  & 
Number  of 
f  t  bers 

G  W 

120ram 2 

No  fiber 

OPGW 

120mm2 

12  fibers 

OPGW  120mm2  24  f  i  bers 

Type  IV 

KRRBBHH 

Strand 

Aluminum 

c in due tor 

12/3.5 

■EKQm 

12/3.9 

construction 

A1  clad  steel  wire 

7/3.5 

BUfRIlK 

nmitin 

HHOTCWimH! 

Outer 

17.5 

17.5 

19.3 

18.5 

diameter 

Inner  layer 

10.5 

■bqbhhhi 

11.5 

11.5 

(mm) 

FJix-tin'iJ 

inj»wp 

- - 

5.0 

6.0 

6  .  0 

Weight  per  unit  length  (kg/km) 

846 

736 

882 

821 

Section  area 

HXxtsai 

183 

178 

214 

195 

Ultimate  tensile  strength  (kN) 

109 

96  .  6 

111 

108 

116 

93.7 

91.8 

94.4 

Expantion  coefficient 

{±m 

15.5x10“® 

17.4x10“® 

17.6x10“® 

17.3x10“® 
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Table  5.  Stringing  condition  of  overhead  transmission  lsine 


Tower  span  length 

Might  difference 

Conductor 

A  C  S  R  4  1  0  n  o  2  X  2 

.Load  condition 
(Worse  case) 

Maximum  working  tension 

4  4.  1  k  N  __  . 

Fig. 8.  Maximum  working  tention  of  QPGW 
1 20mo  2 


Fig.  9  shows  the  result  of  comparing 
the  safety  ratio  of  the  cables  mounted 
under  the  same  conditions  as  in  Fig.  8. 
Fig.  9  confirms  that  the  safety  ratio 
changes  very  little,  or  is  assured  at  more 
than  3,  hence  there  are  no  problems  in  the 
cable  mounting  design.  Furthermore,  the 
shared  stress  on  the  aluminum  conductors 
of  the  outer  layer  was  investigated  and 
was  found  to  be  approximately  equivalent 
to  that  in  the  conventional  OPGW.  Thus,  we 
confirmed  that  there  were  no  problems  in 
the  vibration  preventive  design. 

While  the  above  examination  proves 
that  the  two  models  have  no  particular 
problems,  a  design  plan  using  the  same 
strand  diameter  as  that  used  for  the 
conventional  product  was  adopted  by  taking 
into  account  that  it  has  a  small  outer 
diameter  and  is  light  weight. 
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Fig. 9.  Safety  ratio  of  OPGW  120am2 


3. Evaluation  test 

The  newly  developed  OPGW  must  be 
sufficiently  reliable  as  it  is  used  mainly 
for  trunk  line  routes.  Therefore,  we  have 
conducted  various  tests  to  evaluates 
characteristics. 

(1) Loss  variation  in  manufacturing 

The  OPGW  was  measured  to  check  its 
loss  during  each  manufacturing  process 
using  OTDR  with  1.3  um  arid  1.55  //m.  Fig. 
10  shows  the  loss  variation  in  24  core 
OPGW  of  approximately  1  km,  which  proved 
to  be  as  stable  in  terms  of  loss  variation 
as  0.02  dB/km  or  less. 

(2)  Loss  temperature  characteristic 

The  24  core  optical  cable  was 
submitted  to  heat  cycle  test.  The  results 
are  shown  in  Fig.  11,  indicating  that  the 
loss  variation  is  as  small  as  0.03  dB/km. 

(3)  Frictional  coefficierit 

A  strain  relief  effect,  which  is  one 
of  the  features  of  a  loose  OPGW,  is 
produced  from  the  slippage  occurring 
between  the  aluminum  pipe  and  the  optical 
cable.  Therefore,  we  measured  the 
frictional  coefficient.  The  OPGW  was  bent 
to  a  radius  of  500  mm  to  measure  the 
pull-out  tensile  strength  of  the  optical 
cable,  and  the  frictional  coefficient  was 
calculated  by  using  formula  [2] . 

'“  =  ln(  Ttf  )/  0  —  C2] 

where  u  =  Frictional  coefficient 

T  =  Pull-out  tension 

Tb  =  Back  tension 

9  -  Bending  angle  (radius) 

As  a  result,  the  static  friction 
coefficient  (frictional  coefficient  when 
the  optical  cable  begins  to  move)  ,was 
0.31,  and  the  dynamic  frictavn  coefficient 
(frictional  coefficient  while  the  optical 
cable  was  moving)  was  0.26. 

(4)  Other  characteristics 

The  newly  developed  OPGW  was 
subjected  a  number  of  evaluation  tests 
such  as  heat  resistant  test,  vibration 
test,  sheave  wheel  test,  tensile  .test, 
compression  test,  short  circuit  test,  arc 
test  and  so  on.  Test  results  confirmed 
that  the  OPGW  has  the  excellent 
characteristics. 
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unit  cable 
Manufacturing  process 


Fig. 10.  Transmission  loss  in  cable 
manufacturing 


0  6  12  18  24 


Tine  (Hour) 

Fig. 11.  Heat  cycle  test  for  24  core 
optical  cable 

4. Fiefd  test 

To  verify  its  practical  usability,  a 
field  test  was  carried  out,  during  which 
time  notes  were  taken  on  the  three  points, 
namely,  the  applicability  of  the 
conventional  processes,  the  strain  relief 
effect  and  the  loss  stability. 

4-1 .Strinqina  method  wi th_smal 1 ^pulleys 

Using  stringing  method  with  small 
pulleys,  which  is  a  standard  process  of 
the  conventional  OPGW,  a  12-core  OPGW  55 
mm2  of  the  conventional  type  was  replaced 
by  the  newly  developed  24-core  OPGW  55 
mm2.  All  the  tools  used  during  the 
installation  were  standard,  except  for  the 
clamp  and  come-along  which  differed  from 
the  usual  ones  to  account  for  the 
difference  in  the  outer  diameter.  Fig.  12 

(a)  through  (c)  provide  a  summary  of  the 
stringing  process. 


(a) Evolving  suspending  pulleys  and 
extending  the.  new  OPGW. 

Suspending  small  pulleys,  each 
comprising  two  pulleys  coupled  on  a  short 
rope  are  evolved;  oh  the  existing.  OPGW'  at 
intervals  of  approximately  15  m.  The 
suspending  small  pulleys  are  tied  on  a 
pilot  rope  for  evolution  and  collection. 
The  new  OPGW  is  connected  to  a  messenger 
rope  (towing  rope)  which  has  been  passed 
through  the  lower  pulleys,  and  is  pulled 
at  a  low  tension. 

(b) Reversal 

The  tension  on  the  existing  OPGW  is 
increased  so  that  the  sag  on  the  new  OPGW 
is  smaller  than  that  on  the  existing  OPGW. 
Thereafter,  the  tension  on  the  new  OPGW  is 
provisionally  secured. 

(c) Withdrawing  the  existing  OPGW,  and 
collecting  the  suspending  pulleys. 

After  releasing  the  clamp  on  the 
existing  OPGW,  the  OPGW  is  wound  on  a 
drum.  Thereafter,  the  suspending  small 
pulleys  are  collected. 

(d) Securing  the  tension. 

The  tension  on  the  new  OPGW  is 
decreased,  the  sag  is  adjusted,  and  the 
OPGW  is  finally  tensed. 


(a) Spreading  saall  pulleys 
and  extending  new  OPGW 


small  existing 


(b)Reversal 


(c)Withdrawing  existing  OPGW 

and  collecting  small  pulleys 


Fig. 12.  Stringing  method  with  small  pulleys 
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4-2. Strain  variation  during  the  cable, 
installation 

Fig.  13  shows  the  results  of  the 
measurement  taken  on  the  variation  of  the 
elongation  strain  imposed  on  the  OPGW  and 
the  fibers  during  the  installation  using 
the  stringing  process  mentioned  above.  The 
fiber  strain  was  measured  through  the 
phase  shift  method,  with  the  modulation 
frequency  set  at  100  MHz .  The  OPGW 
elongation  was  checked  by  calculation 
based  on  the  tensile  strength.  The  pull-in 
amount  of  the  optical  cable  is  the  sum  of 
the  amount  of  cable  moved  at  both  ends, 
and  divided  by  the  cable  length.  In  the 
figure,  the  OPGW  elongation  strain  at  the 
reversal,  during  which  the  largest  tension 
is  applied,  was  0.2%,  but  the  fiber 
elongation  strain  was  suppressed  to  0.05% 
because  the  optical  cable  was  moving 
inward.  The  fact  that  the  elongation 
strain  after  the  cable  has  been  tensed  as 
small  as  0.02%  explains  the  high 
reliability  regarding  the  life  of  optical 
fibers. 


Fig. 13.  Variation  of  elongtion  during  the  installation 


4-3.Loss  variation.  „ 

With  the  24-core  OPGW  55  mm^ 
completed  with  wiring  kept  under  the 
conditions  shown  in  Fig.  14,  the  loss  over 
an  extended  time  period  was  monitored. 
Assuming  practical  cable  mounting,  the  til 
and  #3  towers  used  tension  clamps,  and  the 
#2  tower  used  suspension  clamps.  Further 
disposed  in  the  vicinity  of  the  joint 
boxes  of  the  41  and  43  towers  were  jumper 
turns  with  aim  diameter  x  2  turns.  Under 
those  conditions,  the  loss  was  measured  by 
using  ah  OTDR  from  just  before  the  wiring 
to  a  period  of  six  months  after  the 
wiring.  As  a  result,  the  loss  variation 
was  observed  to  be  stable  at  0.03  dBkm  or 
lower  for  both  the  1.3  #m  and  the  1.55  (im 
wavelength. 
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5. Conclusion 

The  newly  developed  24-core  OPGW  was 
submitted  to  various  evaluation  tests  and 
a  field  test.  As  a  result,  the  cablp  was 
confirmed  as  having  sufficiently  reliable 
characteristics  regarding  the  stress 
reduction  effect,  the  mechanical 
performance,  the  thermal  performance.,  and 
the  loss  stability.  The  Kansai  Electric 
Power  has  started  using  this  loose-  type 
24-core  OPGW  since  October,  1989,  ar;o  has 
already  covered  approximately  500  km  of 
routes  with  it. 
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Abstract 

Fibcr-to-thc-Customcr  (FTTC)  installations  require  robust  but  also 
flexible  optical  fiber  cables.  The  cables  should  be  patterned  in  many 
ways  after  copper  service  cables  used  for  POTS.  These  optical  fiber 
cables  should  be  rugged,  small,  light  weight,  and  easy  to  enter.  The 
objective  here  is  to  minimize  installation  costs.  This  paper  describes  a 
dielectric  service  cable  and  a  metallic  service  cable  which  contain  from 
1  to  4  buffered  singlemodc  fibers.  The  designs  meet  Bellcore’s  TA- 
TSY-000843  requirements.  A  grease  filled,  nylon,  inner  tube  contains 
the  1  to  4  buffered  fibers.  Strength  members  arc  placed  on  each  side  of 
the  nylon  tube  and  a  PVC  sheath  is  extruded  around  the  inner  lube. 
Water  blocking  yam  and  tape  arc  used  to  stop  water  penetration.  A 
new  proprietary  fiber  buffering  method  is  used  which  is  robust  yet  can 
be  stripped  with  standard  copper  wire  strippers.  The  cable  can  be  easily 
and  quickly  entered  by  pulling  the  rip  cord,  removing  the  sheath, 
scoring  the  nylon  tube  and  removing  it,  thus  exposing  the  buffered 
fibers. 


1.  Introduction 

Certain  economics  and  cross-over  points  still  need  to  be  realized  in 
order  to  create  a  strong  demand  for  deployment  of  fiber  all  the  way  to 
the  home.  Present  FTTC  (Fiber  to  the  Customer)  systems  deploy  fiber 
to  a  pedestal.  Twisted  copper-pair  or  co-axial  cable  is  then  used  to 
connect  the  pedestal  to  the  customer’s  home. 

Some  optical  fiber  service  cable  is  presently  being  used  for  system  tests 
and  field  applications.  Mass  deployment  of  fiber  all  the  way  to  the 
customer’s  home  will  depend  on  technology,  band-width  demand,  and 
economics.1 11’  Some  predictions  say  that  this  demand  will  occur  in 
1992-1995.  As  part  of  continuing  development  work,12’  a  family  of 
buried  service  lightguidc  cables  has  been  developed  to  fill  this 
application. 

11,  Environmental  Constraints 
A.  Premise  Environment 

The  buried  service  cable  environment  is  one  of  the  most  severe  in  the 
telecommunications’  network.  The  cable  is  buried  at  shallow  depths  on 
the  customers’  properly  thus  exposing  it  to  gardeners’  shovels, 
sprinkler  system  installation  crews,  and  post  hole  diggers.  The  cables 
need  to  be  flexible  for  ease  of  installation  and  low-cost  to  decrease 
installation  costs.  This  implies  a  small  diameter  cable  with  little 
armoring.  This  is  incompatible  with  the  above  requirement  of 
protection  from  shovels  and  digging  tools. 

The  cables  must  be  installed  on  customers’  houses  and  thus  arc  exposed 
to  temperature  and  weather  extremes.  Also  since  the  cable  is  attached 
to  the  house  it  must  be  fire  retardant. 


Many  service  cables  are  installed  before  houses  arc  constructed. 
Consequently  the  cable  must  be  bent  and  coiled  into  a  package  to  fit 
inside  of  a  pedestal  or  buried  water  meter  box.  For  storage  these  bends 
can  easily  be  as  small  as  4  inches  in  diameter. 

Finally  the  cables  are  sometimes  installed  by  contractors  and  by 
craftspeople  who  have  minimal  training  for  outside  plant  splicing.  Yet 
the  application  of  this  cable  requires  short  lengths  and  many  splices. 
This  requires  a  cable  which  is  easy  to  enter  yet  protects  the  fibers  from 
handling  accidents. 

In  summary  the  buried  service  cables  are  required  to  meet  outside  plant 
environmental  specifications,  flame  retardant  specifications,  cost 
objectives  and  the  human  factor  engineering  requirements  of  cable 
entry  and  connectorization. 

III.  Requirements 

A.  Bellcore 

Bellcore  has  defined  general  requirements  for  an  optical  fiber  service 
cable.  These  are  contained  in  their  Technical  Reference, 
TR-TS  Y-000843.13’  These  requirements  define  the  following: 

1.  Cable  Materials 

2.  Continuity  of  Materials 

3.  Operation  of  the  Cable  Components  (rip  cords,  shields,  water 
blocking  materials,  binders,  etc.) 

4.  Color  Coding 

5.  Marking,  Packaging,  and  Shipping 

Original  equipment  manufacturers  (OEM)  sometimes  add  or  subtract 
from  these  requirements  for  their  specific  application  but  generally,  the 
Bellcore  standards  are  sufficient  for  most  applications.  In  some 
instances  manufacturers  add  their  own  requirements  to  the  Bellcore 
requirements  to  further  enhance  the  over-all  cable  quality. 

IV,  Cable  Types 

The  buried  service  lightguidc  cables  comprise  a  family  of  cables; 
metallic  and  dielectric.  Both  the  metallic  and  dielectric  cable  designs 
contain  from  1  to  4  single  mode  buffered  fibers. 

Multiple  fiber  service  cables  are  needed  to  supply  service  to  multi¬ 
family  dwellings  such  as  duplexes  and  apartment  houses  and  serve  the 
current  architecture  of  fiber  to  the  pedestal. 

Some  applications  require  dielectric  cables  because  of  the  high 
incidence  of  lightning  strikes  in  certain  parts  of  the  country.  Other 
applications  require  a  metallic  shield  for  somewhat  better  protection 
during  trenching  and  plowing  operations.  The  metallic  shield  also 
provides  a  means  of  carrying  an  electrical  signal  for  cable  location. 
These  are  the  reasons  for  having  both  metallic  and  dielectric  cable 
designs. 
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V.  Design 

The  product  was  designed  based  on  performance  requirements  and 
systems  cost.  The  design  incorporates  human  factors  engineering 
because  of  the  end  use  of  this  product;  that  is,  field  applications  require 
short  lengths  and  many  splices.  Therefore  ease  of  entering  and  splicing 
the  cable  are  very  important  cost  saving  items  for  the  customer.  The 
cable  layers  have  different  colors  chosen  to  aid  in  this  operation. 

A.  Metallic  Cable 

The  metallic  cable  design  (Figure  1)  uses  a  nylon  tube  containing 
water-resistant  compound  and  one  to  four  buffered  fibers.  Water 
blocking  tape  is  placed  arour.d  the  nylon  tube.  Corrugated  bronze  is 
then  placed  around  the  tape  and  a  stainless  steel  wire  is  placed  on  either 
side  of  the  bronze  wrapped  tube  for  strength  members.  Water  blocking 
thread  is  wrapped  around  each  strength  member.  A  black  PVC 
containing  UV  inhibitors  is  then  extruded  over  this  assembly.  The 
outside  diameter  for  the  metallic  cable  is  0.40  inches  for  one  through 
four  fibers. 

B.  Dielectric  Cable 

The  dielectric  cable  design  (Figure  2)  uses  the  same  nylon  tube 
containing  grease  and  one  to  four  buffered  fibers.  Dielectric  strength 
members  are  placed  diametrically  on  either  side  of  the  tube.  Water 
blocking  threads  are  placed  around  the  rip  cord  and  the  tube.  PVC  is 
then  extruded  over  this  structure.  The  outside  diameter  for  the 
dielectric  cable  is  0.36  inches  for  one  through  four  fibers. 

C.  Material  Rationale 

The  fibers  are  buffered  in  a  manner  to  ease  strippability.  The  coated 
fibers  are  run  through  a  solution  containing  a  solvent  mixture.  After 
coaling  the  fibers  with  this  mixture  the  solvent  is  removed  from  the 
fiber  leaving  an  angstrom  thick  coating  of  a  special  material.  The  fibers 
are  then  buffered  with  PVC.  The  pre-coating  applied  before  the 
buffering  reduces  the  adhesion  of  the  buffer.  The  buffer  can  be  very 
easily  stripped  using  standard  electrical  wire  strippers. 

The  grease,  used  inside  of  the  tube,  is  water  resistant  and  provides 
excellent  environmental  loss  performance  over  the  life  of  the  cable. 

Nylon  was  chosen  for  the  tube  for  a  variety  of  reasons.  It  is  not 
affected  by  micro-organisms  living  in  the  soil  in  some  parts  of  the 
world.  It  also  has  a  high  resistance  to  cut-through.  A  craftsperson 
entering  the  cable  can  feel  the  difference  in  cutting  through  the  PVC 
sheath  and  the  inner  nylon  tube.  Also,  the  bright  yellow  color  of  the 
nylon  lube  contrasts  with  the  black  color  of  PVC.  After  the  yellow 
nylon  tube  is  exposed  it  is  simple  to  score  the  tube  with  a  knife  and 
break  it  without  cutting  or  damaging  the  buffered  fibers.  It  can  then  be 
snpgjd  off  the  buffered  fibers. 

The  dielectric  design  requires  a  dielectric  strength  member.  The 
diciCOric  ca'  les  use  a  resin  impregnated  fiber-glass  roving.  These  have 
been  tested  using  the  EIA  FOTP  <csis  and  found  to  be  more  than 
adc  [uaic  for  Bellcore's  150  pound  tensile-strength  rating. 

It  is  important  that  «r-icc  cables  be  protected  from  water  penetration. 
One  solution  to  this  problem  is  to  flood  the  cables  at  all  layers  with 
grease.  However,  this  makes  the  cable  more  difficult  to  strip  and 
handle.  We  chose  instead  to  use  water-resistant  grease  only  in  the  inner 
tube  and  water  blocking  materials  at  the  other  layers.141  These  are  dry  to 
the  touch  and  yet  swell  upon  being  wet  and  prevent  water  from  entering 
the  cable.  A  water  blocking  siring  was  wound  around  the  strength 
members  on  the  metallic  design  and  the  rip  cord  on  the  dielectric  design 
thus  blocking  water  seeping  down  these  members.  A  tape  was  applied 
around  the  nylon  tube  under  the  bronze  tape  on  the  metallic  design. 
These  designs  have  passed  all  of  the  Bellcore  water  penetration  tests. 


The  corrugated  6.004  inch  thick  bronze  was  used  as  added  protection 
for  applications  requiring  trenching  or  plowing.  This  cable  design 
using  this  bronze  has  been  tested  in  the  field  and  has  proven  more  than 
adequate  for  this  hostile  environment. 

VI.  Testing  and  Evaluation 

In  order  to  qualify  a  cable  a  large  number  of  tests  must  be  passed. 
These  may  be  categorized  as: 

1.  Environmental  Tests 

2.  Mechanical  Tests 

3.  Optical  Tests 

4.  Specialized  Tests 

Additionally,  there  are  a  large  number  of  specifications  for  the  optical 
fiber  which  must  be  satisfied  before  the  cable  is  made. 

The  tests  contained  in  the  four  categories  listed  above  are: 


ENVIRONMENTAL 

MECHANICAL 

Water  penetration 

Longitudinal  shield  fatigue 

Water  resistance  test 

Low/high  temperature  bend 

Filling  compound  flow 

Impact  tests 

Temperature  cycling 

Compressive  strength 

Aging 

Tensile  strength 

Flammability 

Twist 

Color  permanence 

Cyclic  flex 

Hydrogen  in  cables 

Jacket  elongation 

Freezing 

Plasticizer  compatibility 

Jacket  shrinkage 

Buffer  strippability 

OPTICAL 

SPECIALIZED  TESTS 

Attenuation 

Ease  of  entering 

Added  attenuation 

Appearance 

Cutoff  wavelength 

Printing  legibility 

Printing  permanence 

Details  of  the  tests  are 

given  in  Technical  Reference, 

TY--TSY-000843.,3,  The  Buried  Service  Lightguide  Cables  passed  all 

of  these  tests.  Results  of  these  tests  requiring  a  minimum  loss  increase 
(dB/km)  arc  shown  in  Figure  3. 

The  environmental  temperature  cycle  is  shown  in  Figure  4.  The  test 
chamber  temperature  is  changed  and  allowed  to  stabilize  over  24  hours. 
At  this  point  loss  is  measured.  The  cable  is  cycled  from  -40°F  to  65°C 
and  then  the  cable  is  held  at  a  temperature  of  85°C  for  five  days.  This 
aging  is  to  simulate  long  term  environmental  effects  on  optical 
transmission  performance.  The  requirement  from  the  Bellcore 
specification  is  that  the  loss  increase  after  aging  should  be  £  0.6  dB/km. 
The  test  results  showed  a  maximum  loss  increase  of  0.06  dBAm  which 
occurred  at  -40°C  after  the  aging  cycle. 

VII.  Design  Highlights 

A,  Flammability 

The  Bellcore  Flammability  test  is  a  difficult  test  to  pass  with  a 
dielectric  cable.  It  requires  passing  the  Underwriters  Lab  test  UL  444, 
Section  25.  This  involves  holding  a  1500°F  -  2000°F  flame  at  the 
surface  of  a  vertically  mounted  18  inch  length  of  cable.  The  flame  is 
held  there  for  15  seconds  and  then  removed  for  one  minute.  Then  the 
flame  is  re-applied  and  the  cycle  is  continued.  The  test  sample  passes 
the  test  if  during  each  of  five  cycles  the  burning  cubic  sample: 

1.  is  extinguished  within  60  seconds 

2.  docs  not  ignite  paper  flags  on  the  sample  ends 

3.  docs  not  drop  burning  material  on  cotton  below  the  sample. 
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The  UL  requirement  is  5  cycles  of  the  flame.  The  present  dielectric 
cable  will  survive  15  cycles. 

The  metallic  design  easily  passed  the  VW-1  flammability  test  because 
the  bronze  tape  acted  as  a  heat  sink  to  distribute  the  heat  over  a  greater 
surface. 

B.  Bronze  Sheath 

Copper  service  cables  have  traditionally  used  a  corrugated  bronze 
armor  underneath  the  outer  sheath.  It  had  several  purposes.  It  was 
grounded  and  served  as  an  electromagnetic  shield.  It  also  was  used  to 
carry  a  signal  such  that  the  cable  could  be  found  after  being  buried. 
This  shield  is  typically  on  the  order  of  0.004  inches  thick. 

There  is  a  similar  purpose  for  this  corrugated  bronze  in  an  optical  fiber 
service  cable.  An  electronic  signal  can  be  placed  on  the  bronze  and 
used  to  locate  the  buried  cable.  The  bronze  also  provides  protection 
during  trenching  and  plowing  operations. 

The  bronze  is  placed  around  the  inner  nylon  tube  with  a  diameter  of 
0.20  inches.  This  small  inside  tube  diameter,  in  addition  to  the  backing 
with  the  somewhat  rigid  nylon,  protects  the  bronze  from  high  bending 
stresses. 

One  of  the  most  destructive  installation  operations  occurs  if  the  cable  is 
being  trcnched-in  and  the  trenching  machine  is  stopped  but  the 
vibratory  plow  is  allowed  to  continue  to  vibrate  for  5  minutes  to  10 
minutes.  This  usually  cracks  metal  cable  shields.  The  new  family  of 
buried  service  cables  all  pass  this  test  with  no  cracking. 

VII.  Manufacturability 

The  cable  designs  are  not  complicated  and  consequently  arc  easy  to 
manufacture  at  a  high  rate  of  speed  on  the  cable  line.  This  is  a 
corporate  goal  and  it  is  also  a  benefit  to  the  customer.  Because  of  the 
case  of  manufacture  the  cable  quality  can  be  held  to  very  high 
standards. 


VH1.  Summary 

The  buried  service  lightguidc  cable  designs  provide  the  final  link  for  an 
all  fiber  network.  The  cables  are  available  from  one  to  four  buffered 
fibers  in  either  a  dielectric  or  metallic  sheath.  The  cables  employ  the 
latest  technology  in  materials  as  well  as  the  proven  copper  service  cable 
principles  of  ruggedness,  simplicity  and  easy  usage.  These  cables  meet 
very  stringent  product  specifications  which  are  required  for  service 
cable  applications.  These  cables  maintain  the  same  quality 
transmission  performance  when  connected  to  the  main  distribution 
cables. 

Human  factors  engineering  was  one  of  the  major  objectives  used  in  the 
design  of  these  cables.  This  was  important  so  that  the  cables  can  bo 
opened  and  spliced  easily  without  damage.  Consequently,  lower 
installation  costs  can  be  achieved. 
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MECHANICAL  AND  ENVIRONMENTAL  PROPERTIES 
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and  Aging  Performance 


X.  References 

1.  J.  B.  Haber,  D.  Kalish,  and  J.  J.  Rcfi,  "Single-mode  Media  and 
Apparatus  for  Fibcr-to-the-Homc,"  International  Wire  and  Cable 
Symposium  Proceedings,  Reno,  1988. 

2.  E.  R.  Campbell,  F.  J.  Mullin,  and  W.  C.  Reed,  "Fibcr/Metallic 
Service  and  Distribution  Media,"  International  Wire  and  Cable 
Symposium  Proceedings,  Arlington,  1987. 

3.  Bellcore  Technical  Reference,  TR-TSY-00843,  Generic 
Requirements  for  Optical  and  Optical/Mctallic  Buried  Service 
Cable,  Issue  1, 1989. 

4.  C.  J.  Arroyo,  P.  Debban,  Jr.,  and  W.  J.  Paucke,  "Water  Resistant 
Communications  Cable,"  Patent  4,815,813,  1989. 


Don  Mathis  is  a  Member  of  Technical  Staff  in  the  Lightguidc 
Technology  Department  at  AT&T  Bell  Laboratories  in  Norcross, 
Georgia.  He  is  responsible  for  design  of  optical  fiber  service  cables  and 
premise  cables. 

Dr.  Mathis  joined  AT&T  Bell  Laboratories  in  1972.  He  has  B.S.  and 
M.S.  degrees  from  Oklahoma  State  University,  and  a  Ph.D  degree  in 
Mechanical  Engineering  from  the  University  of  Houston. 

He  has  been  granted  five  patents  with  three  more  pending. 


Jim  Holman  is  a  Senior  Development  Engineer  in  the  Lightguidc  Cable 
Process  Development  Group  at  AT&T  Technologies  in  Norcross, 
Georgia.  He  is  responsible  for  the  development  of  manufacturing 
processes  for  optical  fiber  service  cables  and  premise  cable  products. 

Mr.  Holman  began  his  career  with  AT&T  Bell  Laboratories  in  1966 
and  later  transferred  to  Network  Cable  Systems.  He  has  a  B.S.  degree 
in  Electrical  Engineering  from  the  Georgia  Institute  of  Technology. 

He  has  been  granted  three  patents  with  one  more  pending. 


International  Wire  &  Cable  Symposium  Proceedings  1990  189 


CHARACTERISTICS  OF  JELLY-FILLED  NON-METALLIC  RIBBON-FIBER  SLOTTED-CORE  CABLES 


Y.  Yamazaki,  H.  Horima,  H.  Igarashi,  K.  Niikura 


Sumitomo  Electric  Industries,  Ltd. 

1,  Taya-cho,  Sakae-ku,  Yokohama,  244  Japan 


ABSTRACT 


Various  kinds  of  non-metal! ic  multi-fiber  optical 
cables  which  employ  4-fiber-ribbon  and  are  filled 
with  jelly  were  designed,  manufactured  and 
evaluated.  The  multi-slot  core  optical  cable  can 
be  manufactured  easily  and  the  obtained 
characteristics  were  as  stable  as  those  of  the 
single  slot  core  optical  cable.  A  SZ 
polyethylene-slotted  core  was  applied  to  4-fiber- 
ribbon  for  mid-span  branching  of  optical  fiber  and 
was  successfully  manufactured  and  evaluated. 

1.  Introduction 

A  non-metal  lie  type  optical  cable  which  optimizes 
the  dielectric  property  of  glass  fiber  is  an 
innovative  communication  cable,  which  is  required 
to  be  small -diameter  and  light  weight.  Jelly 
compound  is  usually  filled  in  the  non-metal  lie 
cable  for  ease  of  maintenance  and  for  waterproof. 
The  needs  for  this  jelly-filled  non-metallic 
optical  cable  will  increase  in  a  variety  of  fields 
because  of  its  excellent  characteristics. 

Optical  cable  will  be  used  not  only  for  trunk 
lines  but  also  for  subscriber  lines  and  the  demand 
is  increasing  for  a  high-fiber-count  optical 
cable.  To  meet  such  demand,  a  ribbon-fibei' 
slotted-core  cable  was  manufactured  to  produce  a 
1000-fiber  cable  on  commercial  basis  in  Japan.® 
But  most  of  the  constructions  consist  of  metallic 
type  air  core.  As  a  corollary,  it  was  apparent 
that  the  development  of  the  existent  constructions 
was  essentially  required  to  meet  the  needs  for  the 
jelly-filled  non-metallic  optical  cable. 

To  this  aim,  various  jelly-filled  non-metallic 
ribbon  slotted-core  cables  based  on  the  4-fiber- 
ribbon  have  been  newly  designed,  manufactured,  and 
evaluated.  The  results  gained  have  proved  a 
prominent  practicality  of  these  cables,  and  their 
details  are  reported  as  follows. 

2.  Construction  of  jellv-filled  non-metallic 
ribbon  slotted-core  cable 

2.1  Coated  SM  fiber 

The  SM  type  optical  fiber  used  in  this  cable  is 
manufactured  in  the  wholly  synthesized  VAD  method 
to  make  its  transmission  loss  and  core 
eccentricity  error  extremely  low.  Table  1  shows 
the  typical  value  of  the  geometrical  parameters  of 
the  optical  fiber  applied  in  this  evaluation.  The 
glass  fiber  of  125pm  in  diameter  is  coated  with 
two-layer  UV  resin,  with  its  diameter  of  250pm. 


Table  1.  Geometrical  parameters  of 
SM  VAD  fiber 


Item 

Typical  value 

Mode  field  diameter 

9.46  pm 

Cladding  diameter 

124.8  pm 

Eccentricity  error 

0.13  pm 

Cladding  non-circularity 

0.3  % 

Primary  coating  diameter 

250  pm 

Sample  number:  100 


2.2  4-fiber-ribbon 

The  cable  lately  manufactured  is  constructed  with 
4-fiber-ribbon  as  its  basic  unit.  The  marker 
method  that  the  color  of  one  of  the  fibers  in  a 
ribbon  should  be  taken  to  make  the  identification 
among  the  ribbons  has  been  so  far  widely  adopted. 
However,  to  make  the  ribbon-identification  further 
easier,  a  new  method  different  from  the  above, 
making  not  only  the  fibers  identified  but  also  the 
ribbons  themselves  colored,  was  introduced.  The 
colored  ribbons  have  been  available  which  are 
manufactured  by  mixing  the  UV  resin  for  ribbon 
with  various  coloring  agents  to  adjust  the  curing 
condition  of  the  resin  and  to  have  a 
characteristics  similar  to  that  of  the  non-color 
ribbon. 

2.3  Jelly  compound 

As  the  jelly  compound  in  slots  for  the  ribbon 
fiber,  the  one  with  the  physical  properties  shown 
in  Table  2  is  used.  This  jelly  is  selected  to 
have  a  large  cone  penetration  at  the  wide  range  of 
temperature  just  shown  in  Fig.l  and  assure  stable 
transmission  characteristics  especially  at  the 
range  of  low  temperature.  Moreover,  owing  to  this 
high  dripping  point,  the  jelly  will  never  become 
liquid  in  the  cable  even  under  the  high 
temperature  circumstances.  It  has  been  confirmed 
that  there  is  no  problem  on  the  compatibility  of 
this  jelly  with  the  coatings  of  the  ribbon  and 
fiber. 
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Table  2.  Physical  properties  of  jelly 
compound  for  fiber-ribbon 


Item 

Unit 

Value 

Specific  gravity 

0.85 

Oil  separation* 

% 

Less  than  0.01 

Evaporation  loss* 

% 

Less  than  0.01 

Oripping  point 

°C 

220 

*  Measured  after  24  hours  at  100°C 


Fig.l  Temperature  dependence  of  cone 
penetration  of  jelly  compound 
for  fiber-ribbon 


in  Figures  2  and  3,  4-fiber-ribbons  are 
accumulated  in  the  slot  and  are  stranded  either  in 
S  or  Z  direction.  The  hollow  space  inside  of-  the 
cable  is  filled  up  with  the  jelly  for  waterproof. 
The  more  the  number  of  fiber  ribbons  in  a  slot 
becomes,  the  more  difficult  the  complete  filling 
up  of  the  jelly  gets  with  the  less  efficiency  of 
waterproofing.  Therefore,  the  number  of  the 
fiber-ribbons  in  a  slot  is  limited  to  4  at  the 
most,  and  the  number  of  slots  in  a  polyethylene 
slotted  core  is  also  limited  to  6  for  the  same 
reason.  This  structure  has  allowed  the  multiple- 
ribbon  jelly-filled  cable  to  be  available.  The 
outer  sheath  both  of  the  cables  shown  in  Fig. 2  and 
Fig. 3  consists  of  polyethylene.  Photo. 1  depicts 
the  appearance  of  36-fiber  ribbon  optical  cable 
which  is  constructed  with  the  slotted-core  just 
shown  in  Fig. 2,  with  two  4-fiber-ribbons  into  each 
of  the  three  slots  of  the  six  ones  and  one  ribbon 
into  each  of  the  remaining  three  slots,  namely, 
nine  4-fiber  ribbons  in  total  built  in  the  cable. 
The  two  cables  abovementioned  have  been 
manufactured  in  the  uni-direction  stranding 
method.  On  the  other  hand,  a  cable  in  the  SZ 
stranding  method  to  enable  the  mid-span  branching 
after  being  laid  down  has  been  manufactured.  The 
side  condition  and  the  cross-sectional  view  of  the 
SZ  stranding  4-fiber-ribbon  slotted-core  cable 
made  on  the  experimental  basis  are  shown  in 
Photo. 2  and  Fig. 4,  respectively.  The  reversing 
lay  length  of  the  slot  shown  in  Photo. 2  is 
designated  to  be  500mm. 


Photo  1.  Appearance  of  jelly-filled 
non-metallic  36-fiber  ribbon 
slotted-core  cable 


2.4  Ribbon  slotted-core  cable 

Initially,  Fig. 2  shows  the  cross-sectional  view  of 
the  single  slot  cable  to  deal  with  the  number  of 
fibers  from  4  to  96  fibers,  as  the  development  of 
the  design  of  the  existing  metallic  air  core  type 
cable.  While  Fig. 3  indicates  that  of  the  multi¬ 
slot  type  cable  capable  to  deal  with  the  high- 
fiber-count  optical  cable  from  100  to  576  fibers. 
Fig. 2  shows  a  cable  in  which  4-fiber-ribbons  are 
arranged  in  one  slot,  i.e.,  16  fibers  are  inserted 
and  up  to  96  fibers  can  be  constructed  using 
polyethylene  slotted-core  with  six  slots.  Fig. 3 
shows  a  cable  with  built-in  576  fibers  by 
stranding  six  slotted-cores  in  Fig. 2  around  the 
FRP  central  strength  member.  In  the  cables  shown 


Photo  2.  Side  view  of  prototype  4-fiber 
ribbon  SZ  slotted-core  cable 
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96-flber  unit 
Jelly  compound 
Strength  member  (4.5mm*  FRP) 
Polyethylene  filler 
Polyethylene  sheath 

Olameter:  31mm 
Weight:  810kg/km 


3.  Transmission  characteristics 
3.1  Transmission  loss 

The  optical  fiber  used  in  this  cable  is  a  standard 
SM  type,  and  its  transmission  characteristics  have 
been  evaluated  as  for  both  the  uses  in  the  optical 
transmission  system  of  normal  1300nm  band 
(wavelength  from  1285  to  1330nm)  and  that  of 
1550nm  band  (wavelength  from  1530  to  1570nm).  The 
variations  of  the  transmission  loss  in  the  three 
kinds  of  the  cables  aforementioned  at  their 
manufacturing  process  are  shown  in  Fig. 5. 
Incidentally,  the  transmission  loss  histograms  for 
36-fiber  ribbon  slotted-core  cable  shown  in  Fig. 6 
(a)  and  (b). 


Chromatic  dispersion 


Not  only  the  transmission  loss  but  the  chromatic 
dispersion  may  be  weighty  factors  in  optical 
signals  being  transmitted  at  high  speed.  The 
dispersion  value  itself  has  been  so  far  taken  as  a 
means  to  evaluate  the  chromatic  dispersion, 
however,  recently  the  zero-dispersion  wavelength 
and  the  zero-dispersion  slope  have  also  used  as 
the  means.  Table  3  shows  the  chromatic  dispersion 
characteristics  of  the  fibers  in  ribbons. 


Temperature  characteristics 


The  fluctuations  of  the  transmission  loss  have 
been  evaluated  at  the  wavelengths  of  1310nm  and 
1550nm  in  the  temperature  range  from  -40°C  to 
+70°C.  The  results  gained  are  shown  in  Fig. 7 
displaying  stable  characteristics  with  the 
fluctuation  of  the  loss  under  0.03dB/km  in  both 
the  wavelengths,  which  ensures  that  they  will  be 
able  to  stand  up  to  the  wide  use  ranging  from  the 
hottest  districts  to  the  coldest  ones. 


Fig. 3  576-fiber  multi-slot  cable 


4-fiber-ribbcn 
Strength  member  (4.5im$  PfiP) 
Polyethylene  slot 
Jelly  compound 
Wrapping  tape 
Polyethylene  sheath 

Cable  diameter:  20mm 
Cable  weight:  340  kg/km 


Prtaar*  fiiobon  Stranding  Sheathing 

coated 

fiber 


Process 


Fig. 4  Cross  section  of  prototype  4-fiber- 
ribbon  SZ  slotted-core  cable 


Fig. 5  Transmission  loss  change  in 
manufacturing  process 
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■ion  loss 


Sample  number:  100 

I  Measuring  wavelength 
range:  1285o.l330nm 


0  0.34  030  0.30  0.40  0.(3 

Transmission  loss  (dB/km) 

(a)  Transmission  loss  in  the  wavelength 
range  of  1285^13300™ 


Sample  number:  IOC 

Measuring  wavelength 
1  range:  153(M570nm 


0  0.20  0.22  0.24  0.28 

Transmission  loss  (dB/km) 

(b)  Transmission  loss  in  the  wavelength 
range  of  153(M570nm 

Fig. 6  Histrogram  of  transmission  loss  for 

single  slot  type  36-fiber  ribbon  cable 


Measuring  wavelength:  1310nm 


Table  3.  Chromatic  dispersion  for  SM  VAD 
4-fiber-ribbon  slotted-core  cable 


Zero  dispersion  wavelength 
Zero  dispersion  slope 


Typical  value 
1318  nm 

0.088  ps/nmJ/km 


Chromatic  dispersion  at  1550  nm  16.18  ps/nm/km 
Sample  number:  100 


4.  Physical  Properties 
4.1  Mechanical  Properties 

As  for  the  36-fiber  cable  shown  in  Photo. 1,  the 
mechanical  properties  listed  in  Table  4  have  been 
evaluated.  Most  of  the  test  methods  are  based  on 
the^  IEC  standard.  The  cables  have  demonstrated 
their  steadfast  properties  and  ensured  that  there 
would  be  no  problem  in  their  transmission 
characteristics  even  if  under  the  external  force 
assumed  in  their  being  laid  down. 


Table  4.  Mechanical  properties  for  single 
slot  type  36-fiber  cable 


Compression 

(PUtt) 


Compression 

(Mandrel) 


{}  100mm 


25mm» 

^''O'f-memirel  joCO.ldB  et 
225kgf/25ne»e 


0  O  O^Wt  5*9 

.L|||  No  fiber  breek  et 

1 1  I  I  1  5kg*0.5m*3  lopects 


40  -10  0  20  41  00  30  (°c) 

Temperature 

Fig. 7  Temperature  characteristics  for  single 
slot  type  36-fiber  ribbon  cable 


No  loss  tncreeceet 
e 360°  »  5  cycles 


Measuring  wavelength:  1550nm 
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4.1.1  Tension  test 


Three  loops  were  made  by  splicing  every  12  fibers 
out  of  36  fibers  in  the  cable.  The  two  loops  of 
them  were  used  to  monitor  the  fluctuations  of  the 
transmission  loss  at  the  wavelengths  of  1310nm  and 
1550nm,  while  the  another  loop  was  used  to  measure 
the  strain  of  the  optical  fiber  by  the  modulation 
phase  method.®  Fig. 8  shows  the  results  obtained  in 
this  tension  test.  The  tension  at  the  moment  the 
rate  of  increase  of  the  fiber  reached  0.2%  was 
125kgf. 


Fig. 8  Tension  test  result  for  36-fiber 
ribbon  slotted-core  cable 


4.1.2  Compression  test 

The  relation  between  the  loss  increase  and  the 
load  in  the  case  that  the  cable  was  compressed 
with  a  board  100mm  wide  is  shown  in  Fig. 9.  There 
is  no  loss  increase  even  at  the  load  700kgf/100mm, 
showing  a  favorable  characteristics  against 
compression.  Furthermore,  assuming  the  case  that 
the  several  cables  laid  down  simultaneously  being 
pressed,  two  mandrels  of  25mm  in  diameter  were 
laid  one  on  the  other  at  the  right  angles  to  be 
pressed,  resulting  the  loss  increase  below  O.ldB 
in  the  1550nm  wavelength  at  the  load  225kgf/25mm<|i . 


Fig. 9  Compression  test  result  for  36-fiber 
ribbon  slotted-core  cable 


4.1.3  Flexibility 

Since  FRP  is  used  as  the  strength  member  in  the 
cable,  it  was  anticipated  that  the  cables, 
especially  of  the  multi-slot  type  assembling  slot- 
rods,  might  be  hard  to  flex.  Fig. 10  shows  the 
test  method  and  the  results  of  the  comparison  of 
the  flexibility  of  the  single  slot  type  and  that 
of  the  multi  slot  type.  There  is  no  conspicuous 
difference  in  flexibility  among  the  two  types  in 
the  case  a  cable  30cm  long  was  bent  by  the  weight 
of  10kg.  It  appears  from  the  above  that  the 
flexibility  would  not  cause  any  serious  problem 
practically. 


Table  5.  Compound  flow  and  waterproof 
test  results 


Test  method 


Result 


Compound  flow  test 
2- 

17cm  with  sheath 


D13ca 


without  sheith 


Single  slot  type:  70°C  x  24  hours 
Multi  slot  type:  60°C  x  24  hours 

No  Jelly  drop 


Waterproof  test 


No  water  leakage  after  24  hours 
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4.2  Compound  flow  and  waterproof 


As  was  noted  previously,  the  hollow  space  inside 
of  the  cable  is  filled  up  with  the  jelly  for 
waterproof.  An  improper  selection  of  the  compound 
for  the  jelly  or  insufficient  filling  may  cause 
the  jelly  to  flow  from  the  cable  and  water  to  get 
in  it  after  the  cable  laid  down.  As  such,  not 
only  the  transmission  characteristics  but  also 
this  waterproof  should  be  evaluated  with  keen 
interest.  Table  5  shows  the  test  method  and  the 
results  obtained  ensuring  the  excellent  waterproof 
property  as  well  as  no  fear  of  the  jelly  flowing 
out  from  the  cable  even  under  the  high-temperature 
circumstances. 

5.  Conclusion 


In  conclusion,  there  follows  a  brief  explanation. 
For  the  aim  of  the  further  development  of  the 
ribbon  slotted-core  cables  that  are  now  spreading- 
widely,  various  jelly-filled  non-metallic  ribbon 
slotted-core  cables  based  on  the  4-fiber-ribbon 
have  been  newly  designed,  manufactured,  and 
evaluated.  The  results  gained  have  proved  the 
promising  possibility  of  designing  the  high-fiber- 
count  optical  cable  having  both  the  sufficient 
waterproof  property  and  the  excellent  transmission 
characteristics  equal  to  those  of  the  air-core 
cables.  Since  the  structure  of  this  type  of  cable 
is  the  one  to  take  full  advantage  of  the  superb 
characteristics  of  optical  fiber,  it  is  greatly 
expected  that  its  application  will  cover  the  wide 
range  not  only  in  the  public  communication  lines 
including  the  optical  subscriber  lines  but  also  in 
the  optical  LAN  lines  and  the  optical  cable  to  be 
installed  in  special  environment. 
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CHARACTERISTICS  OF  ONE-THOUSAND-FIBER  WATER  PROOF  CABLE 
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K.OKAMURA,  H. SUZUKI  and  N.  SATO 
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ABSTRACT 

A  water  proof  optical  fiber  cable  with 
one  thousand  fibers  has  been  developed. 

New  cable  is  using  water  swollable 
materials  as  wrapping  tapes  and  filled 
yarns,  and  other  fundamental  structures 
are  similar  to  conventional  cables  which 
have  been  used  for  gas  pressurized  system . 

In  this  paper,  a  design  criteria  for 
accommodating  the  water  swellable 
materials  and  experimental  results 
concerning  water  blocking  properties, 
thermal  properties,  mechanical  properties 
and  long  term  reliability  tests  are 
described. 


1 . Introduction 

The  use  of  optical  fiber  cables  has 
quickly  broadened  into  subscriber  network. 
High-density,  high-count  optical  fiber 
cables  are  required  to  shorten  the 

construction  period  and  save  the 

maintenanc  cost.  To  realize  such 
requiremen.  iigh  fiber  count  cables 
using  multi  fiber  ribbons  and  cable 

joining  technologies  such  as  mass  fusion 
splice  machine  and  multi  fiber  connector 
have  been  developed[ 1-4 ] .  This  high 
fiber  count  cable  is  generally  maintained 
by  gas  pressurized  method,  so  the 
maintenance  cost  is  expensive  compared 
with  water  proof  cable. 

Water  proof  cables  such  as  jelly 
filled  cable  and  dry  type  water  proof 

cable  are  widely  used  as  maintenance  free 
cable[5].  Jelly  filled  cable  has  a 
disadvantage  in  cable  connection  and  cable 
weight,  because  jelly  compound  should  be 
completely  wiped  out  to  join  the  fibers. 
On  the  other  hand,  dry  type  which  uses 
water  swellable  materials,  is  applied  to 
one  or  a  few  hundreds  fiber  cable  in 
commercial  use,  and  has  been  investigated 
to  be  applied  to  one  thousand  fiber 
cable(6] . 

In  this  paper,. we  present  a  newly 
designed  one  thousand  water  proof  cable. 
The  fundamentals  of  this  cable  are  based 
on  conventional  cabling  technology  and 
cable  joining  technology. 


2 . Design  criteria 

For  cables  used  in  subscriber  network, 
following  requirements  should  be  taken 
into  account. 

1)  High  fiber  count  and  compact  cable. 

2)  Rapid  cable  joining  capability. 

3)  Mid  span  access  capability. 

As  the  reply  to  above  requirements, 
the  following  technologies  have  been 
already  developed  and  in  commercial  use  : 
dividable  eight  fiber  ribbons,  high  fiber 
density  one  thousand  fiber  cable,  mass 
fusion  splice  machine  and  multi  fiber 
connectors. 

Water  blocking  function  should  be 
added  to  the  conventional  one  thousand 
fiber  cable  without  missing  above 
technologies. 

In  designing  the  water  proof  cable 
with  water  swellable  materials,  the 
following  reliabilities  should  be  insured. 

a)  Water  blocking  properties  should  be 

stable  against  thermal  effect  or 
interaction  between  water  swellable 
materials  and  other  cable 

composition. 

b)  Transmission  loss  should  be  stable, 
even  after  the  water  penetration 
into  the  cable.  In  other  words, 
no  hydrogen  generation  or  no  effect 
by  frozen  water  will  come  to 
problem  on  the  transmission  system. 

c)  Fiber  life  time  should  be  insured 
for  practically  use  period. 

These  criteria  will  be  realized  the 
following  experimental  examinations. 
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3 .  Cable  design 
( 1  Structural  design 

The  cross  sectional  structure  of  newly 
developed  water  proof  cable  is  shown  in 
Fig.  1. 

This  cable  has  an  unfilled  structure, 
so  its  weight  is  equal  to  conventional  gas 
maintained  cable  and  no  special  treatment 
will  be  required  for  cable  joining. 

Five  8-fiber-ribbons  are  stacked  in 
each  of  the  five  rectangular  slots  grooved 
on  a  polyethylene  rod  to  make  a  two 
hundred  fiber  unit  and  each  unit  is 
wrapped  with  a  water  swellable  tape. 
Five  units  are  stranded  on  a  central 
strength  member  to  make  a  one  thousand 
fiber  cable.  This  cable  core  is  covered 
with  a  laminated  aluminum  sheath.  A 
plastic  film  is  adhered  to  the  inner  side 
of  aluminum  tape  to  suppress  the  hydrogen 
generation.  Open  space  inside  the  cable 
is  filled  with  water  swellable  yarns. 
This  cable  is  40mm  in  diameter  and  1.2kg/m 
in  weight. 


/Single-mode 
fiber  (125um) 

Buffer  (250um) 

8-fiber  Ribbon  Color 

LAP  Sheath 

Water  Swellable 
Tape ,  Yarns 

•  Copper  Wires 

'Slotted  Rod 

Strength  Member 

■  8-fiber  Ribbon 

Cable  Diameter :  40mme 


Fig.1  Cable  Structure. 


(2)Water  swellable  materials 

Two  kinds  of  water  swellable  materials 
are  used  in  this  cable.  One  is  a  water 
swellable  tape,  the  other  is  a  water 
swellable  yarn. 

The  water  swellable  materials  should 
have  proper  structures  and  stability  in 
chemical  nature. 


The  water  blocking  properties  of  three 
kinds  of  water  swellable  tapes  were 
investigated.  Tape  A  has  sandwich 
structure.  This  tape  was  composed  of 
water  swellable  powder  between  two  unwoven 
cloths.  Tape  B  was  composed  of  an 
unwoven  cloth  which  was  made  of  water 
swellable  fiber.  In  tape  C,  water 
swellable  powder  was  adhered  to  an  unwoven 
cloth.  The  water  blocking  properties 
were  examined  by  the  water  penetration 
length  through  3. 0X3. 0mm  square  slot. 
Table  1  shows  that  tape  C  has  the  best 
water  blocking  performance,  because  the 
water  swellable  powder  disconnect  itself 
from  the  substrate  unwoven  cloth  and  fill 
the  vacancy,  when  water  contact  it. 
Fig. 2  shows  the  relation  between  the 
amount  of  adhered  water  swellable  powder 
and  water  blocking  ability.  The  proper 
amount  of  adhered  water  swellable  powder 
was  determined  according  to  this  result. 


Table  1  Water  blocking  properties  of  water 
swellable  tapes. 


Structure 

Penetration 

Length 

Method 

A 

Sandwitch 

>10m 

3X3mm  slot 

1m  height 

24Hour 

B 

Fibric  Type 

>10m 

C 

Water  Swellable 
Powder  Adhered 

5m 

Fig.2  Relation  between  the  amount  of  water 
swellable  powder  and  water  penetration. 
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The  water  swellable  powder  should  be 
chosen  to  be  accommodated  to  the  ocean 
water  as  well  as  fresh  water. 
Conventional  water  swellable  powder,  used 
in  water  proof  cable,  was  made  from 
acrylic  acid  salt.  So  the  water 
absorption  ability  is  reduced  as  the 
metallic  ion  content  increase.  To 
overcome  this  weak  point,  other  organic 
derivatives  were  introduced  to 
conventional  acrylic  acid  salt.  The 
reduction  of  water  absorption  ability  in 
ocean  water  can  be  kept  within  1/20  of 
that  of  conventional  one.  Thermal 
stability  of  water  swellable  material  is 
shown  in  Fig.  3.  The  degradation  in 
air  shows  the  Arrehnius  relation.  The 
degradation  of  water  absorption  at  30C  for 
ten  years  is  predicted  less  than  30%  of 
original  condition.  Taking  into  account 
for  above  results,  new  water  swellable 
tape  was  determined.  In  addition,  the 
hydrogen  generations  in  muddy  water  and  at 
high  temperature  were  checked  by  means  of 
Ref. 5  .  The  results  are  shown  in  Fig.  4 
and  Fig.  5.  No  hydrogen  generation  was 
observed  in  these  tests. 

The  water  swellable  yarn  was  also 
designed  in  the  same  manner  of  water 
swellable  tape. 


Aging  time  (minute) 

Fig.3  Relation  between  temperature  and  period 
until  30%  degradation  of  water  absorption 
ability. 


(3)Sheath  composition 

Laminated  aluminum  sheath  was  adopted 
to  protect  the  cable  core.  But  as  well 
known,  aluminum  generates  hydrogen  when  it 
contact  with  water,  so  laminated  aluminum 
tape  is  entirely  covered  with  plastic 
material.  Fig.  6  shows  the  hydrogen 
generation  characteristics  at  80C. 
Hydrogen  generation  from  newly  adopted 
laminated  aluminum  sheath  was  so  small  as 
1/1000  than  from  conventional  one. 
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Fig.4  Hydrogen  generation  in  muddy  water. 
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Fig.5  Hydorogen  generation  at  high 
temperature. 


Fig.6  Hydrogen  generation  from 
sheath  material. 
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4 .Cable  properties 

(1)  Loss  change  and  residual  strain  in 
cable  manufacturing  process 

The  losses  and  strains  through  cable 
manufacturing  is  shown  in  Fig. 7  and  Fig. 8. 

The  loss  change  and  standard  deviation 
were  O.OldB/km  and  less  than  O.OldB/km  at 
1.55um  wavelength.  Strains  were  measured 
by  phase  shift  method.  Maximum  strain 
at  manufacturing  process  and  residual  one 
were  0.015%  and  0.01%,  respectively. 
This  means  that  the  strain  on  fibers  is 
negligibly  small  from  the  view  point  of 
life  time. 


Manufacturing  process 

Fig.7  Optical  losses  in  manufacturing  process. 


Fig.8  Strains  in  manufacturing  process. 


(2)  Mechanical  properties  of  newly 

developed  cable 

Table  2  shows  the  mechanical 
properties  of  newly  developed  cable. 
This  cable  was  designed  that  the  allowable 
tensile  load  and  minimum  bending  radius 
were  800kgf  and  240mm,  respectively. 

The  800kgf  of  tensile  load  is  corespondent 
to  0.2%  of  fiber  elongation.  This  value 
insure  that  the  10  Fits/f iber*100km  of 
fiber  failure  rate. 


Table  2.  Mechnical  properties  of  1000- 
fiber  water  proof  cable. 


1  tem 

Condition 

Result 

Crush 

Up  to  250kgf/50mm  of 
lateral  force 

<0 . 0 ldB 

Bending 

R=400mm, 180deg . 

10  times 

<0.01dB 

Tensile 

Up  to  800kgf , 1= 100m 

<0 . 0 ldB 

Squeez¬ 

ing 

R= 600mm, T= 800 kg f 

1= 100m 

<0 . OldB 

Impact 

lkgf.lm  height 

<0 . OldB 

Torsion 

360deg . /m 

<0 . OldB 

(3)  Temperature  characteristics 

Three  kinds  of  temperature  tests  were 
performed.  They  were  cyclic  test, 
frozen  test  and  high  temperature  test  of 
water  penetrated  cable.  Added  loss  due  to 
cyclic  temperature  change  from  -40C  to  70C 
per  day  was  measured.  Fig.  9  shows  the 
result.  Added  loss  was  so  small  as 
0.02dB/km  at  -40C  and  0.05dB/km  at  60C  in 
1 . 55um  wavelength.  Low  temperature 
test  was  performed  to  investigate  the 
effect  of  frozen  water  in  the  cab’c. 
Test  cable  was  10m  long  and  filled  with 
water.  Added  loss  due  to  the 
temperature  change  from  -20C  to  20C  was 
0.03dB/10m.  This  result  shows  that  the 
transmission  characteristics  will  not  be 
disturbed  by  frozen  water,  because  the 
transmission  line  is  generally  more  than 
several  km  and  the  water  penetration  into 
the  cable  is  less  than  10m.  To 
investigate  the  effect  of  the  generated 
hydrogen  in  the  cable  at  the  water 
penetrated  into  the  cable,  spectral  loss 
changes  in  the  1000m  long  cable  were 
measured.  Fig. 10  shows  the  result. 
No  added  loss  due  to  hydrogen  generation 
was  observed  for  six  months  at  60C. 
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Fig.10  Effect  of  Hydrogen  generated  in  cable. 


Passed  time  (Months) 


Fig.  11  Water  penetration  length. 


Fig.  12  Pressure  dependence  of 
penetration  length. 


(4)  Water  blocking  properties 

Water  blocking  properties  of  dry  type 
cable  are  affected  by  water  nature, 
water  pressure  and  temperature,  because 
the  water  swellable  powder  activities 
depend  on  the  above  conditions.  Fig. 11 
shows  the  water  penetration  length. 
Water  penetration  length  of  fresh  water 
and  ocean  water  were  1.5m  and  3.0m, 
respectively.  The  penetration  length 
did  not  elongate  after  six  months. 

The  relation  between  water  penetration 
length  and  the  water  pressure  is  shown  in 
Fig. 12.  Under  0.3  atm  of  water  pressure, 
the  water  penetration  length  was  3.4m. 
The  pressure  dependence  of  water 
penetration  length  was  very  small. 
Temperature  dependence  of  water 
penetration  length  is  shown  in  Fig.  13. 
At  60C,  the  penetration  length  was  3.2m, 
temperature  dependence  of  water 
penetration  length  was  scarcely  observed. 
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Fig.13  Temperature  dependence  of  water 
penetration  length. 
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(5)  Field  test 

A  newly  developed  water  proof  cable 
was  installed  in  300m  long  duct  to 
investigate  the  long  term  reliability. 
Fig. 14  shows  the  loss  histogram  of 
installed  cable.  Average  and  maximum 
losses  were  0.21dB/km  and  0.25dB/km  at 
1.55um  wavelength  respectively.  This 
results  shows  that  the  cable  has 
sufficient  strength  to  protect  fibers  from 
the  force  caused  in  installation.  Optical 
loss  change  of  the  installed  cable  has 
been  measured  for  eight  months.  Result  is 
shown  in  Fig. 15.  The  evaluated  fiber 
length  was  12km  long  and  loss  change  was 
less  than  0.05dB/km.  This  loss  change  is 
acceptable  for  practical  transmission 
system. 


Loss  (dB/km) 


Fig.14  Loss  histogram  of  installed  cable. 
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Fig. 15  Loss  change  of  12  km  long 

installed  cable. 


5_.,  Conclusion 

One  thousand  fiber  water  proof  cable 
with  slotted  cores  has  been  successfully 
developed  by  using  water  swellable 
materials  such  as  water  swellable  tape  and 
yarn.  The  water  swellable  materials 
were  designed  to  be  accommodated  to  not 
only  fresh  water  but  also  ocean  water,  and 
the  cable  using  them  was  composed  of  eight 
fiber  ribbons  assembled  with  eight  fiber 
connectors  to  shear  splicing  time  at 
system  construction.  This  cable  and 
water  swellable  materials  were  subjected 
to  several  mechanical  and  long  term 
reliability  tests  and  it  was  verified  that 
the  newly  developed  water  proof  cable  has 
enough  performance  for  practical  use. 
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ACIDITY  AND  CORROSIVITY  MEASUREMENTS  OF  FIRE  EFFLUENT 


by 

M.-F.  Bottin 
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Communication  Cable  Division 


ABSTRACT 

The  intent  of  this  paper  is  to  compare  data  from  a 
conventional  pH  and  conductivity  test,  similar  to  the  IEC 
procedure,  with  data  obtained  from  the  CNET  designed 
equipment,  which  uses  the  resistance  of  model  printed 
circuit  boards  to  evaluate  the  corrosivity  of  fire  effluents. 

We  used  an  acid  gas  evolution  test  in  which  the  combustion 
parameters,  i.e.,  time  and  temperature  were  varied.  In  the 
CNET  chamber  the  relative  humidity  was  varied.  The 
change  of  resistance  has  also  been  measured  after  the 
printed  circuit  board  was  removed  from  the  fire  gases  in 
order  to  assess  longer  time  corrosive  impact.  The  surfaces 
of  corroded  printed  circuit  boards  are  illustrated  with  SEM 
pictures. 

It  is  demonstrated  that  a  direct  measure,  such  as  the  CNET, 
is  an  appropriate  method  to  present  corrosivity  data  and  its 
impact  on  electronic  equipment  exposed  to  fire  effluents,  for 
a  broad  range  of  materials. 

INTRODUCTION 

There  are  many  recorded  incidents  where  the  smoke 
generated  during  a  fire  have  caused  severe  damage  in 
locations  away  from  the  actual  fire  source.  The  damage  has 
been  particularly  catastrophic  for  sensitive  electronic 
equipment. 

The  fire  gases  are  usually  acidic  and,  for  this  reason,  the 
majority  of  the  work  within  the  cable  industry  has  been  to 
develop  test  methods  to  determine  the  acidity  of  gases  from 
burning  polymers.  In  these  tests  a  sample  of  the  material  is 
burned  and  the  gaseous  effluent  is  trapped  in  water.  The 
aqueous  solution  is  then  analyzed  for  pH,  conductivity  or 
percent  halogen. 

More  recently,  a  test  method  has  been  developed  by  Centre 
National  d’Etudes  et  de  Telecommunications  (CNET)  in 
France  to  more  directly  compare  the  impact  of  fire  gases  on 
electrical  equipment.  The  polymer  is  burned  under 
controlled  humidity  in  a  closed  chamber.  A  printed  circuit 
board,  mounted  in  the  chamber  and  maintained  at  a 
temperature  lower  than  the  chamber,  is  used  as  the 
corrosion  target.  The  change  of  resistance  of  the  copper 
tracks  is  used  as  the  corrosion  measure. 


For  any  test  to  be  of  practical  value  to  both  manufacturers 
and  users,  it  would  be.  preferable  that  it  be  capable  of 
ranking  materials. 

The  results  of  a  comparative  study  between  the  acidity 
method  and  the  CNET  method  using  materials  typical  from 
the  cable  industry  are  presented  in  this  paper.  The  use  of 
the  CNET  method  has  been  extended  to  include  the  effect 
of  continued  corrosion  of  the  printed  circuit  board  after  it 
has  been  removed  from  the  test  chamber  and  stored  under 
atmospheric  conditions.  Visual  observations  are  also 
included. 

MATERIAL  SELECTED 

So  that  the  two  test  methods  could  be  evaluated,  eight 
typical  cables  materials  were  selected  as  follows: 

*  NH  :  a  typical  flame  retarded  non-halogenated 

compound. 

*  BR  :  a  flame  retarded  compound,  containing 

decabromodiphenyloxide 

*  Cl  :  a  low  Hydrogen  Chloride  content 

Polyvinylchloride  (PVC)  compound 

*  C2  :  a  typical  "CMP"  type  chlorinated  compound 

*  C3  :  a  medium  filled  "CMR"  type  PVC  compound 

*  C4  :  a  highly  filled  "CMR"  type  PVC  compound 

*  FI  :  a  Fluoroethylenepropylene  (FEP)  compound 

*  F2  :  a  Polyvinyldifluoride  (PVDF)  compound 

Throughout  this  article,  this  coding  will  be  used  when 
referring  to  materials. 

Note:  CMR  and  CMP  denote  categories  of  flame 

retardancy  tested  to  UL  1666  and  UL  910  respectively. 

ACID  GAS  ANALYSIS 

PRINCIPLE 

It  is  known  that  the  acid  gases  evolved  when  cable  insulating 
and  jacketing  polymeric  materials  are  burned,  have  been  a 
cause  of  extensive  damage  to  electrical  and  electronic 
equipment.  As  a  result,  methods  were  developed  to 
measure  the  amount  of  acid  gas  evolved  when  these 
materials  are  burned. 
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Several  tests  exist  based  on  the  same  principle  using  the 
equipment  shown  schematically  in  figure  1.  A  precisely 
weighed  mass  of  sample  is  burned  under  controlled 
conditions.  The  temperature  of  the  furnace  and  the  burning 
time  are  chosen  to  be  representative  of  a  real  fire  scenario. 
The  smoke  from  the  decomposition  is  swept  away  and 
trapped  in  wash  bottles.  The  resulting  aqueous  solution  is 
then  either  analyzed  chemically  by  titration  or  measured  for 
pH  and  conductivity. 


Fig.  1:  Acid  Gas  Test  Apparatus 
OPERATING  CONDITIONS 

For  the  purpose  of  this  study,  two  methods  were  reviewed: 
these  are  the  International  Electrotechnical  Commission  test 
'Test  on  Gases  Evolved  during  Combustion  of  Electronic 
Cable  Components''0*  and  the  Canadian  Standards 
Association  test  'Test  to  Determine  Acid  Gases  Evolution 
Test"/2*  The  basic  differences  of  the  two  methods  are 
illustrated  in  table  1: 


IEC 

CSA 

tube 

diameter 

32-45  mm 

approx. 

25  mm 

ventilation 

15-30  1/h 

6  1/h 

sample 

weight 

1000  mg 

500  mg 

combustion 

time 

30  min 

10  min 

temperature 

950  °C 

800  °C 

measurement 

pH/  conductivity 

titration 

The  IEC  test  is  aimed  at  differentiating  halogenated 
materials  from  non-halogenated  materials.  Through 
experimentation,  we  observed  that  most  chlorinated 
compounds  had  pH  values  in  the  2  to  3  range  which  made 
it  difficult  to  distinguish  between  these  materials. 

In  the  CSA  test,  the  ti'ration  process  is  suitable  for 
chlorinated  materials,  but  the  test  is  still  being  evaluated  for 
other  halogenated  materials. 

These  constraints  limited  our  attempts  to  rank  a  broader 
range  of  halogenated  materials.  Consequently,  we  needed  to 
modify  the  test  procedures  so  the  test  would  be  more 
sensitive  to  materials’  differences. 

After  experimentation,  we  selected  the  IEC  test  as  the  basic 
test  but  reduced  the  weight  from  1000  mg  to  200  mg.  Even 
then,  we  found  that  the  pH  value  did  not  give  a  sufficient 
range  of  values  to  segregate  medium  and  high  levels  of 
halogen.  For  this  reason,  we  used  conductivity  as  the 
preferred  critical  unit  of  measure.  Conductivity  will  vary 
with  the  degree  of  the  materials’  decomposition  because  it 
is  dependent  on  the  amount  of  acidic  species  liberated 
during  the  combustion. 

We  did  however  verify  that  the  concentration  of  acidic  ions 
[H+]  obtained  by  titration,  provided  the  same  ranking  order 
as  the  order  obtained  from  conductivity  values,  wherever  it 
was  possible  to  do  the  testing. 

Additionally,  the  testing  was  done  at  three  temperatures 
600,  800  and  950  °C,  with  two  combustion  times  10  and  30 
min.  All  of  these  have  previously  been  proposed  as  test 
conditions.  This  test  is  referred  to  as  the  "acidity  test"  for 
the  rest  of  the  article. 

RESULTS 

REPRODUCIBILITY 

All  the  materials  tested  had  good  reproducibility,  in  the 
range  of  10  °/o,  except  for  fluoropolymers  where  the  results 
were  found  not  reproducible.  In  some  of  these  cases,  an 
accumulation  of  a  fine  white  aggregate  was  noticed  at  the 
end  of  the  bubbling  tubes.  It  was  analyzed  and  found  to  be 
a  fluorosilicate.  This  suggests  that  the  equipment  is  not 
adequate  for  all  types  of  fluoropolymers,  because  the 
evolved  fluorine  attacks  the  glass  surfaces  of  the  apparatus. 
Therefore  we  do  not  show  any  results  for  fluoropolymers 
from  the  acidity  test  in  this  article  . 


Table  1  :  Comparison  of  IEC  and  CS  .  Test  Parameters 
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THE  ROLE  OF  TEMPERATURE  AND 
COMBUSTION  TIME 


Fig.  2:  Conductivity  as  a  Function  of  Temperature 


conductivity  (juS)  | 

10  min 

30  min 

NH 

7 

5 

BR 

175 

160 

Cl 

105 

111 

C3 

570 

625 

C4 

300 

280 

C2 

432 

510 

Table  2:  Conductivity  as  a  Function  of  Combustion  Time 


Figure  2  shows  the  variation  of  conductivity  as  a  function  of 
furnace  temperature,  the  combustion  time  being  30  min. 
Table  2  shows  the  effect  of  combustion  time  on  conductivity, 
the  furnace  temperature  being  800  °C.  Data  are  given  in 
micro  Siemens  (  mS ).  These  data  demonstrate  that  the 
degradation  of  materials  is  not  complete  at  600  °C  and  that, 
in  some  cases,  even  further  degradation  takes  place  -when 
going  from  800  °C  to  950  °C.  In  most  cases  increasing  the 
time  of  combustion  does  not  lead  to  further  degradation  of 
the  materials. 

In  summary,  we  have  shown: 

1)  the  te§t  is  capable  of  ranking  materials  by  amount  of  acid 
gas  liberated  in  the  selected  conditions,  independent  of  the 
type  of  halogen .  Nevertheless,  in  its  present  form,  it  cannot 
be  used  for  fluoropolymers;  therefore  it  is  not  suitable  for 
a  complete  materials’  ranking. 


2)  the  combustion  conditions  are  extremely  important:  800 
°C  does  not  always  guarantee  a  complete  decomposition, 
although  the  ranking  stays  the  same  for  the  three 
temperature  conditions. 

CORROSIVITY  MEASUREMENT 

PRINCIPLE 

The  basic  principle  of  the  method  was  developed  at  Centre 
National  d’Etudes  de  Telecommunications  (CNET).  The 
test  method  is  now  a  standard  of  France  Telecom(3)  and  a 
round-robin  is  being  organised  by  ISO/TC  61/SC4/WG2  to 
evaluate  the  test’s  suitability  as  an  international  standard. 

It  reproduces  the  natural  phenomenon  in  a  fire  in  which 
condensation  of  hot  humid  smoke  occurs  on  surfaces  whose 
temperature  is  equal  or  less  than  the  dew  point  of  the 
smoke. 

The  test  consists  of  burning  a  predetermined  quantity  of  the 
material  in  a  leak  tight  test  chamber,  at  a  constant 
temperature  and  defined  relative  humidity.  The  combustion 
products  condense  out  on  the  corrosion  target  which  is  a 
small  printed  circuit  board  kept  at  a  constant  temperature 
lower  than  the  dew  point  of  smoke.  The  change  of  its 
resistance  is  used  as  the  measure  of  corrosion. 


TEST  APPARATUS 


The  CNET  equipment  (see  fig.  3)  consist  of  a  PMMA 
(polymethylmethacrylate)  cylinder  approximately  20  dm3. 
Flanges  at  each  end  of  the  cylinder  seal  the  chamber  against 
both  heat  and  gas  loss.  Inside  the  chamber,  which  is 
regulated  at  50  ”C,  is  a  corrosion  resistant  heating  element 
used  to  burn  the  test  sample.  This  heating  element  is 
capable  of  temperatures  greater  than  800  °C.  The 
corrosion  target  is  a  3  x  6  cm  printed  circuit  board  with 
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copper  tracks  130  000  A  thick  and  a  resistance  of 
approximately  8  ohms.  During  the  experiment,  the  printed 
circuit  board  is  maintained  at  40  °C  by  a  water  bath 
circulating  underneath. 

At  the  start  of  the  test,  the  sample  to  be  evaluated  is  placed 
on  the  heating  element,  the  printed  circuit  board  is  mounted 
in  the  chamber  and  the  flanges  sealed.  The  chamber  is 
conditioned  and  dried  by  air  flow.  The  air  flow  is  stopped 
and  a  quantity  of  water  is  injected  in  the  chamber  to  give 
the  desired  humidity.  After  the  chamber  has  been  allowed 
to  stabilise,  the  material  sample  is  burned  for  2  min  30  at  a 
combustion  temperature  of  800  °C.  The  corrosion  is 
allowed  to  take  place  for  an  hour  after  the  combustion  and 
the  resistance  of  the  printed  circuit  board  is  monitored 
during  the  hour.  The  time  taken  for  each  test  is  3  to  4 
hours  depending  on  the  relative  humidity  selected.  It 
includes  the  cleaning  of  the  chamber  after  each  test. 

CALCULATIONS  OF  THE  CORROSIVITY  FACTOR 
"COR" 


The  resistance  values  used  are  R,,  the  initial  value  measured 
immediately  after  the  2  min  30  sec  sample  ignition  and  Rf 
the  final  value  measured  one  hour  after  the  ignition.  The 
corrosivity  can  be  expressed  as  the  following  ratio: 


So  that  data  can  be  compared,  the  corrosion  is  referred 
back  to  a  "standard  board"  of  8  ohms  resistance  at  40  °C 
using  the  expression: 


"t  •  j 

*[*,  -*,1 


The  derivation  of  COR  is  detailed  in  appendix  1. 

The  COR  value  will  be  given  in  percentage  throughout  the 
text. 

REPRODUCIBILITY 

The  measured  values  of  COR,  the  average  values  and  the 
standard  deviation  are  shown  in  table  3: 


materials 

COR  (%) 

average  and 
standard 
deviation  (%) 

material  1 

■ 

0.97  ±  0.25 

1.34 

0.6 

1.08 

material  2 

v. 

10.79  ±  1.24 

10.12 

material  3 

19.33 

28.86 

24.88  +  3.46 

25.75 

25.58 

Table  3:  The  Reproducibility  of  Corrosivity  Factors 


These  values  illustrate  the  typical  standard  deviation 
obtained.  The  very  low  values  of  COR,  around  1  %,  would 
indicate  that  the  corrosion  attack  is  small  enough  to  be 
negligible.  At  high  corrosion  levels  of  COR  greater  than  30 
%  (not  shown  in  table  3),  the  standard  deviation  was 
generally  found  greater.  At  this  level,  the  copper  is  already 
badly  damaged  and  it  is  difficult  to  quantify  a  corrosion 
percentage  with  the  same  precision.  This  severe  attack  is 
depicted  in  the  SEM  pictures  in  a  later  section. 

THE  ROLE  OF  HUMIDITY 

The  CNET  procedure  calls  for  test  conditions  which 
produce  condensation  on  the  target  probe.  Because  of  the 
chemical  nature  of  the  corrosivity,  the  initial  humidity  plays 
an  important  role  in  the  copper  attack.  To  study  this  impact 
we  selected  three  relative  humidity  (RH)  conditions  by 
injecting  different  quantities  of  water  into  the  chamber.  The 
relative  humidities  were  measured  with  a  humidity  gauge. 
The  corresponding  dew  point  for  each  of  the  three 
conditions  was  calculated  from  the  Clausius-Clapeyron 
Equation  applied  to  pure  water. 

The  selected  conditions  are  the  following: 

condition  1: 

one  injection,  which  developed  33  %  RH  in  the  chamber. 
From  the  Clausius-Clapeyron  Equation,  the  dew  point  is  29 
°C;  because  the  surface  of  the  printed  circuit  board  is  at  40 
°C,  no  condensation  is  expected. 
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two  injections  separated  each  by  a  period  of  20  min  to  allow 
complete  water  evaporation.  The  resulting  RH  was  52%  and 
the  dew  point  37  °C;  again  no  condensation  is  expected. 


three  injections  separated  each  by  a  period  of  20  min.  The 
resulting  RH  was  70  %  and  the  dew  point  4  3°c  ;  for  this 
condition,  condensation  is  expected. 

The  results  for  NH,  BR,  Cl,  C2,  C3,  FI,  F2  are  shown  in 
figure  4: 


In  summary,  we  have  demonstrated  that  the  test  can  be  used 
to  differentiate  the  corrosivness  of  many  types  of  materials. 
Different  PVC  compounds  were  found  to  have  corrosion 
factors  varying  from  very  high  to  very  low  values. 
Fluoropolymers  can  be  handled  without  the  hardware 
constraints  encountered  in  the  acidity  test.  Also,  we  know 
that  some  other  types  of  corrosive  materials  such  as 
polysulfones  have  been  evaluated  in  the  CNET  labs. 

In  a  real  fire  situation,  humidity  is  present  and  we  have 
determined  with  this  test,  that  the  humidity  conditions  have 
a  critical  impact  on  the  damage  to  the  electronic  equipment. 
Therefore  it  is  necessary  to  control  the  relative  humidity  in 
any  kind  of  materials  selection  test. 

VISUAL  OBSERVATIONS 


Fig.  5:  SEM  Pictures 


Fig.  4:  Corrosivity  as  a  Function  of  Humidity 

For  all  cases  where  the  corrosivity  factor  is  not  negligible  it 
has  been  influenced  by  the  relative  humidity:  in  most  cases, 
the  corrosion  is  increased  by  the  humidity  at  the  surface  of 
the  printed  circuit  board.  It  is  also  noticeable  that  even  in 
a  relatively  dry  environment  (33  %  RH),  corrosion  takes 
place  and  for  some  compounds,  it  is  significantly  high  . 

All  the  materials  do  not  show  the  same  behaviour,  the 
chlorinated  compounds  in  particular  being  distinctive.  For 
C3,  we  observed  an  open  circuit  at  the  medium  relative 
humidity  ( 5  2  % ) .  In  this  case,  we  have  noticed  condensation 
although  it  was  not  expected.  One  explanation  of  this  could 
be  that  the  combustion  of  chlorinated  materials  liberates 
hydrogen  chloride  whose  affinity  to  water  is  great;  it  is 
extremly  soluble  in  water  where  it  ionizes  to  give  acid 
solutions.  Therefore,  the  presence  of  HCi  in  the  humid  air 
inside  the  test  chamber  provokes  the  condensation  of  acid 
solutions  on  the  printed  circuit  board,  earlier  than  in  pure 
water  vapoi.  However,  condition  3  (70%)  also  produces 
condensation  but  the  quantity  of  water  is  in  large  amount  at 
the  printed  circuit  board  surface,  and  a  dilution  of  the 
corrosive  acid  species  may  decrease  their  damaging  effect. 

In  this  test,  as  in  the  acidity  test,  the  role  of  combustion 
temperature  may  also  be  of  importance  and  this  parameter 
is  planned  to  be  studied  in  a  future  set  of  experiments. 
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FI 


These  pictures  (fig.  5)  represent  the  surface  of  copper 
tracks,  taken  with  a  Scanning  Electron  Microscope,  at  a 
magnification  in  the  range  of  100.  They  illustrate  different 
aspects  of  structural  alteration  at  the  copper  surface  of 
printed  circuit  boards  as  a  result  of  their  exposure  to 
corrosive  smoke.  It  appears  that  the  copper  tracks  have 
been  less  affected  by  non-halogenated  and  brominated 
materials. 


LONG  TERM  AGING 

If  a  fire  occurs,  parts  of  the  electrotechnical  equipment  may 
remain  affected  by  deposited  fire  effluent,  after  the  fire  has 
been  extinguished  but  before  any  corrective  action  can  take 
place.  For  this  reason,  a  study  of  the  dependency  of  the 
corrosivity  factor  with  time  was  undertaken. 


After  the  one  hour  corrosivity  measurement,  the  samples 
were  removed  from  the  chamber,  allowed  to  cool  down  in 
a  desiccator  and  then  kept  for  up  to  28  days  at  room 
temperature  either  in  a  desiccator  or  at  50%  RH.  The 
resistance  was  periodically  measured  and  a  corrosivity  factor 
due  to  aging  (COR,)  was  calculated  using  as  a  final 
resistance  each  of  the  "aged"  resistance  measured  and  as  the 
initial  resistance  the  value  of  Rf,  previously  measured.  This 
corrosivity  factor  (COR,)  expresses  the  degree  of  further 
corrosion  of  the  sample  after  its  removal  from  the  fire 
effluent. 


Fig.  6:  Corrosivity  after  Aging  -  at  low  Humidity 


- NH  -  BR  - Cl  -  C2  - FI 


Fig.  7:  Corrosivity  after  Aging  -  At  High  Humidity 


The  measurements  reported  herein  are  those  taken  from 
printed  circuit  boards  tested  in  condition  2.  From  these  two 
graphs,  we  observe: 
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1)  The  major  part  of  aging  occurs  in  the  first  hours 
following  the  combustion,  n  reality  it  implies  that  in  order 
to  stop  further  damage  due  to  corrosion,  it  is  necessary  to 
react  fast. 

2)  The  degree  of  sensitivity  to  aging  either  in  a  dry  or 
humid  atmosphere  varies  with  materials.  The  worst  cases 
are  some  PVC  compounds  where  medium  to  high  levels  of 
chlorinated  effluents  are  released.  Copper  printed  circuit 
boards  will  generally  degrade  on  aging  to  a  greater  extent 
after  their  exposure  to  chlorinated  fire  effluents  than  to 
other  types  of  halogenated  effluents. 

3)  Except  for  the  non-halogenated  sample  and  the 
brominated  one,  the  aging  is  more  pronounced  in  the  humid 
atmosphere.  It  indicates  that  keeping  the  exposed  electrical 
and  electronic  parts  in  a  very  dry  atmosphere  may  inhibit 
further  copper  degradation. 

COMPARISON  OF  DATA  FROM  THE 
TEST  METHODS 

So  that  a  comparison  of  the  two  tests  methods  could  be 
made,  we  have  included  in  ta'  4  data  from  the  acidity  test 
and  data  from  the  CNE'I  tes>  i  taken  at  800  °C.  For  the 
acidity  test,  the  data  select.  re  at  10  min  so  they 
correspond  closer  to  the  CNE.  conditions.  The  values 
for  the  CNET  test  correspond  to  50%  RH. 


material 

conductivity^  S) 

COR  (%) 

NH 

15 

1.2 

BR 

175 

0.9 

Cl 

105 

3.6 

C2 

420 

24.5 

C3 

570 

70 

FI 

* 

10.8 

F2 

« 

9.02 

Table  4:  Comparison  of  Conductivity  with  Corrosivity 


In  both  methods,  the  ranking  is  the  same  wit'.in  the  group 
of  chlorinated  compounds.  Nevertheless,  the  ranking  is 
dependent  on  the  method  used  when  comparing  two 
different  types  of  halogenated  materials.  The  brominated 
compound  BR  was  shown  more  acid  than  the  Cl  in  the 
acidity  test  but  it  is  actually  no  more  corrosive  than  a  non- 
halogenated  sample  in  the  CNET  test.  Indeed  theacidily 
measurement  does  not  take  into  account  the  nature  of  the 
acid  species  produced  during  the  combustion.  It  is  therefore 
suggested  that  it  is  more  correct  to  call  for  "non-corrosive 
cables"  rather  than  "non-halogenated  cables"  when  specifying 
cables  to  be  used  in  sensitive  locations. 


CONCLUSION 

The  CNET  test  has  the  ability  to  measure  corrosivity  factors 
for  all  halogenated  materials.  In  addition,  some  other 
pertinent  information  can  be  obtained  such  as  the  effect  of 
ambient  humidity,  visual  observations  of  the,  damage  and 
continued  aging  of  the  corroded  printed  circuit  boards. 
Furthermore,  experiments  can  be  planned  with  metals  other 
than  copper  as  targets,  and  by  using  techniques  of  surface 
analysis  which  would  provide  a  better  materials 
understanding.  In  comparison,  the  acidity  test  has 
limitations  because  it  is  unsuitable  for  fluoropolymers  and, 
in  the  case  of  other  polymers,  the  acidity  has  not  been  found 
sufficient  to  predict  the  corrosiveness  of  materials  in  a  real 
fire  situation.  Therefore,  a  tool  such  as  the  CNET 
corrosivity  test  is  required  to  satisfy  the  industry’s  need  for 
selecting  materials  based  on  a  realistic  estimation  of  their 
corrosivity  when  they  burn  and  for  predicting  the  damaging 
effect  to  electronic  parts  of  equipment. 

It  has  also  been  shown  that  chlorinated  compounds  can  have 
corrosivity  from  extremely  severe  to  almost  benign 
depending  on  their  formulation.  The  most  corrosive 
chlorinated  compounds  are  the  typical  PVC  formulations 
used  presently  for  CMR  application;  however,  by  selective 
formulation,  it  seems  that  the  level  of  their  corrosivness  can 
be  reduced  to  levels  closer  to  non-halogenated  compounds. 
Finally  the  corrosive  damage  caused  by  materials  whose 
flame  retardant  is  decabromodiphenyloxide  is  expected  to 
be  negligible. 
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APPENDIX  1 


(Calculation  originally  supplied  by  CNET) 


Each  copper  track  on  the  printed  circuit  board  can  be 
represented  by: 


with  1  a  copper  width 

e  =  copper  thickness 

Ae  =  copper  thickness  lost  by  corrosion 

L  =  total  length  of  tracks  on  the 

printed  circuit  board. 

The  printed  circuit  board  resistance  is 


for  all  tracks,  p  L  is  the  same:  K 
e 

r-£ 


Consider  two  circuits  whose  initial  values  at  40°C  are  R., 
and  R2l  and  final  values  Rlf  and  R2f. 

For  our  purpose,  R2i  and  R2f  will  be  experimental  values 
and  Rjj  and  Rlf  referred  back  to  the  standard  8n  board. 

R  _  K.  K 


The  two  circuits  are  affected  by  the  same  corrosion, 
therefore,  the  thickness  variation  is  the  same  A  e. 

Values  for  the  final  resistances  are: 


R  -  K  •  j?  * 

v  erAe’  **  TP 


We  thus  obtain: 


ei  "  n  >  ei  ~ 


e\'  *e-  <2-4t-7 
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_1 _ 1 _ 1 _ 1_ 

K 


Given  R,;  =  8fi,  we  obtain: 

^ _ 

8(*y-  Ru) 

The  value  of  COR  for  a  printed  circuit  board  of  8n 
resistance  affected  by  a  thickness 
variation  Ae  is: 


COR  - 


Using  equation  (1)  we  obtain: 


We  will  use  this  value  multiplied  by  100  to  obtain  a 
percentage. 
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ABSTRACT 

The  radiation  performance  of  several  fiber  designs  including 
single  mode,  dispersion-shifted,  tethered  vehicle  fiber  designs, 
radiation-hardened  multimode,  and  standard  multimode  fiber 
designs  was  evaluated  over  a  temperature  range  from  -46°C  to 
71°C  in  a  steady  state  radiation  environment.  The  performance 
of  a  dispersion-shifted,  single  node  fiber  design  and  a  50  pm 
radiation-hardended  multimode  fiber  was  also  evaluated  during 
and  after  exposure  to  a  transient  (high  dose  rate)  radiation 
pulse  at  temperatures  from  *46°C  to  71°C.  The  radiation 
response  of  the  50  pm  radiation-hardened  fiber  was  evaluated 
during  and  after  exposure  to  a  neutron  radiation  pulse  at  -46°C, 
25°C,  and  71°C.  All  fiber  designs  considered  in  this  work,  with 
the  exception  of  the  standard  multimode  fiber  designs, 
exhibited  significant  recovery  after  exposure  to  these  nuclear 
radiation  environments. 

1.  INTRODUCTION 

As  tactical  applications  of  fiber  optic  systems  increase,  the 
nuclear  survivability  of  these  systems  becomes  increasingly 
important.  Usually,  the  optical  fiber  is  the  most  susceptible 
component  of  the  system  to  nuclear  radiation;  therefore,  the 
radiation  response  of  the  fiber  is  critical  to  the  reliability  and 
the  ultimate  performance  of  the  system. 

The  radiation  performance  of  several  Ge-doped  silica  core  fiber 
designs  including  single  mode,  dispersion-shifted,  a  tethered 
vehicle  fiber  design,  radiation-hardened  multimode,  and 
standard  multimode  fiber  designs  is  evaluated  over  a 
temperature  range  from  -46°C  to  71°C  in  a  steady  state 
radiation  environment.  The  performance  of  a  dispersion-shifted 
fiber  design  and  a  50  pm  radiation-hardened  multimode  fiber  is 
also  evaluated  during  and  after  exposure  to  a  transient  (high 
dose  rate)  radiation  pulse  at  temperatures  from  -46°C  to  71°C. 
The  radiation  response  of  the  50  pm  radiation-hardened  fiber  is 
evaluated  during  and  after  exposure  to  a  neutron  radiation 
pulse  at  -46°C,  25°C,  and  71°C.  Also,  preliminary  results  on 


the  effect  of  draw  speed  and  germanium  concentration  are 
presented. 

2.  FIBER  DESIGNS  EVALUATED 

The  radiation  performance  of  several  optical  fiber  designs  was 
evaluated.  Both  standard  and  radiation-hardened  (RH)  50  pm, 
62.5  pm,  and  100/140  pm  Ge-doped  silica  core,  graded  index, 
multimode  fibers  were  tested.  Table  I  summarizes  some  of  the 
fiber  parameters  for  the  multimode  fiber  designs  evaluated  in 
this  work.  Several  Ge-doped  silica  core,  single  mode  fibers 
were  also  evaluated.  The  depressed-clad,  step  index,  single 
mode  fiber,  the  AccuTether  100  fiber  (a  fiber  used  in  tethered 
vehicle  applications  derived  from  the  standard  depressed-clad, 
triangular  index  profile,  dispersion-shifted  fiber),  and  the 
AccuTether  200  fiber  (a  fiber  used  in  tethered  vehicle 
applications)  were  used  in  this  study.*1'  Some  of  the  fiber 
parameters  for  the  single  mode  fiber  designs  evaluated  in  this 
work  are  shown  in  Table  II. 

3.  NUCLEAR  RADIATION  ENVIRONMENT 

The  nuclear  radiation  environment  considered  in  this  work  is 
composed  of  delayed  gamma  radiation,  prompt  gamma 
radiation,  and  neutron  radiation.  Other  effects  that  may  be 
present  in  a  nuclear  radiation  environment  such  as  the  shock 
wave,  thermal  radiation,  and  the  electromagnetic  pulse 
generated  by  the  detonation  of  a  nuclear  device,  were  not 
considered  in  this  work.*2' 

3.1  Delayed  Gamma  Radiation 

The  delayed  gamma  radiation  is  primarily  a  result  of  weapon 
debris  and  neutron  reactions  with  weapon  materials  and  its 
surroundings.  It  is  considered  a  steady  state  type  of  radiation. 
The  dose  rate  depends  on  the  yield  of  the  weapon,  ambient 
conditions,  distance  from  the  detonation  point,  etc.,  and  can 
range  from  a  few  rads(Si)/s  to  hundreds  of  rads(Si)/s.  The 
primary  effect  of  steady  state  (delayed)  gamma  radiation  in 
optical  fibers  is  ionization. 


214  International  Wire  &  Cable  Symposium  Proceedings  1990 


Table  I.  Multimode  Fiber  Designs 


Core/Cladding  Dia.  (pm) 

50/125 

62.5/125 

100/140 

Type 

STD 

RH 

STD 

RH 

STD 

RH 

Intrinsic  Loss  (dB/km) 

850  nm 

2.52 

2.60 

2.99 

2.94 

4.41 

3.47 

1300  nm 

0.75 

0.58 

0.71 

0.89 

1.22 

0.82 

Numerical  Aperature 

0.21 

0.23 

0.27 

0.27 

0.28 

0.28 

Bandwidth  (MHz-km) 

850  nm 

466 

219 

179 

144 

364 

308 

1300  nm 

1177 

649 

472 

522 

266 

439 

Table  n.  Single  Mode  Fiber  Designs 


FIBER 

SM 

AT  100 

AT  200 

Intrinsic  Loss  (dB/km) 

1310  nm 

0.36 

0.42 

0.48 

1550  nm 

0.23 

0.22 

0.29 

Mode  Field  Diameter  (pm) 

1310  nm 

8.7 

-6 

-5 

1550  nm 

-10 

6.7 

5.8 

Index  of  Refraction  Diff.,  A  (%) 

0.34 

0.8 

1.1 

Xq  (nm) 

1306 

1545 

-  1325 

3.2  Prompt  Gamma  Radiation 

The  prompt  gamma  radiation  is  mainly  produced  from  the 
weapon  and  results  from  electronic  transitions  caused  by  high 
energy  photons  and  fast  neutrons.  The  prompt  gamma  radiation 
has  a  pulsed  or  transient  nature  and  is  referred  to  as  transient 
radiation.  The  dose  rate  is  much  higher  than  the  delayed 
gamma  radiation;  typically  it  is  about  109  rads(Si)/s.  The  pulse 
width  of  the  radiation  is  on  the  order  of  a  microsecond.  The 
primary  effect  of  transient  radiation  in  optical  fibers  is 
ionization. 

3.3  Neutron  Radiation 

The  neutron  radiation  is  produced  by  the  weapon.  The  effect  of 
neutron  radiation  on  materials  is  dependent  on  the  energy  and 
fluence  of  the  neutrons.  Neutron  radiation  produces  ionization 
effects  similar  to  gamma  radiation.  High  energy  neutrons  can 
cause  displacement  effects  (vacancy  and  interstitial  defects)  in 
the  material.  High  neutron  fluences  (  >  1019  n/cm2)  can 
produce  radioactive  materials.  In  tactical  radiation 
environments,  a  typical  neutron  fluence  is  about  1012  n/cm2 
and  1  MeV  equivalent  energy;  therefore,  the  primary  effect  is 
ionization/3* 

4.  EXPERIMENTAL  PROCEDURE  AND  APPARATUS 

4.1  Steady  State  Gamma  Radiation 

The  steady  state  gamma  radiation  response  of  the  optical  fibers 
was  measured  using  the  "Adverse  Nuclear  Environments  Test 
Procedure"  outlined  in  FOTP  -  49  (EIA/TIA-455-49),  entitled 
"Procedure  for  Measuring  Gamma  Irradiation  Effects  in 
Optical  Fibers  and  Optical  Cables,"  with  some  modifications. 
A  60Co  source  was  used  as  the  gamma  radiation  source.  The 
optical  fibers  were  exposed  to  a  total  radiation  dose  of  3000  ± 
100  rads  (Si)  and  the  dose  rate  was  -  50  rads/s.  An  NIST 
traceable  electrometer  was  used  to  measure  the  radiation  dose 


rate.  The  total  dose  was  obtained  from  the  dose  rate  and  the 
exposure  time  which  was  measured  with  a  clock/timer  directly 
calibrated  from  the  NIST  atomic  clock  by  NIST  transmitted 
calibration  frequencies.  This  yields  a  more  accurate 
measurement  of  the  total  radiation  dose;  thermoluminescent 
detectors  (TLDs)  are  subject  to  as  much  as  a  15%  variation  in 
thermoluminescent  sensitivity  which  can  result  in  a  significant 
error  in  the  measured  radiation  dose.  Appropriate  light  launch 
conditions  were  used  consistent  with  the  type  of  fiber  tested. 
The  launched  power  was  maintained  below  1  pW.  The 
radiation-induced  loss  in  the  optical  fibers  at  850  nm  and  1300 
nm  for  the  multimode  fiber  designs,  and  1310  nm  and  1550  nm 
for  the  single  mode  fiber  designs  was  monitored  during 
exposure  to  the  gamma  radiation  and  recovery  for  at  least  2000 
seconds,  or  until  there  was  no  apparent  change  in  the 
radiation-induced  loss,  after  the  radiation  source  was  removed. 
The  tests  were  performed  at  -46°C,  25°C,  and  71°C  for  the 
multimode  fiber  designs,  and  -32  °C,  25  °C,  and  63  °C  for  the 
single  mode  fiber  designs.  The  length  of  the  test  sample 
ranged  from  50m  to  1  km  depending  on  the  test  temperature 
and  the  degree  to  which  the  fiber  was  radiation-hardened.  Data 
was  collected  by  a  Si/InGaAs  photodetector,  lock-in  amplifier, 
and  computer.  A  reference  path  was  used  via  an  optical  splitter 
to  monitor  source  stability.  A  schematic  of  the  experimental 
apparatus  is  shown  in  Figure  1. 

4.2  Transient  Radiation 

The  50  pm  RH,  multimode  fiber  and  the  AT  100  fiber  were 
exposed  to  transient  radiation  of  -  500  rads  in  a  35  ns  pulse 
(dose  rate  -  1.4  x  10!fl  rads(Si)/s)  using  the  FX-75  Flash  X-ray 
Machine  at  Boeing  Aerospace  &  Electronics,  Seattle,  WA.  The 
multimode  fibers  were  irradiated  at  -46°C,  25°C,  and  71°C  and 
the  radiation-induced  attenuation  was  measured  at  1300  nm. 
The  AT  100  fiber  was  irradiated  at  -32°C  and  the  radiation- 
induced  attenuation  was  measured  at  1310  and  1550  nm.  The 
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sample  length  was  20m.  Appropriate  light  launch  conditions 
were  used  and  a  reference  path  was  used  to  monitor  the 
stability  of  the  light  source.  The  launched  power  was  <  4  pW. 
The  signal  was  monitored  using  digital  storage  oscilloscopes 
from  10-7s  to  102s.  The  total  integrated  dose  (TID)  was 
measured  using  thermoluminescent  diodes  (TLDs).  Figure  2  is 
a  schematic  of  the  experimental  apparatus  used  in  the  transient 
radiation  tests. 

4.3  Neutron  Radiation 

The  50  pm  RH,  multimode  fiber  was  exposed  to  a  neutron 
fluence  of  1  x  1012  n/cm2, 1  MeV  equivalent  energy,  in  a  pulse 
of  <  175  ps  using  the  Sandia  National  Laboratory  SPR-III 
Pulse  Reactor,  Albuquerque,  NM.  The  60m  fiber  samples  were 
irradiated  at  -46°C,  25°C,  and  71°C  and  the  radiation-induced 
loss  was  measured  at  1300  nm.  The  signal  was  monitored 
using  transient  digitizers  from  lO^s  to  104s.  Sulfur  activation 
and  TLDs  were  used  for  dosimetry.  A  reference  path  was  used 
to  monitor  the  stability  of  the  light  source.  The  launched  power 
was  <  10  pW.  The  test  configuration  is  shown  in  Figure  3. 

5.  RADIATION  RESPONSE  OF  OPTICAL  FIBERS 

5.1  Mechanisms  for  Radiation-Induced  Loss 

The  radiation  response  of  optical  fibers  is  composed  of  two 
components:  darkening  and  recovery.  Optical  fibers  experience 
darkening,  or  transmittance  loss,  after  exposure  to  nuclear 
radiation.  The  primary  mechanism  for  radiation-induced  loss 
in  optical  fibers  is  absorption  at  the  common  operating 
wavelengths  for  optical  fiber  transmission  systems,  0.85  pm, 

1.3  pm,  and  1.55  pm.  This  absorption  is  caused  by  trapped 
carriers,  which  are  created  by  ionization  from  the  nuclear 
radiation,  at  defect  sites  in  the  glass  matrix.14*  The  recovery  of 
the  fiber  depends  on  the  recombination  rate  of  the  carriers;  the 
fiber  composition,  particularly  the  type  and  concentration  of 
the  dopants,  has  a  significant  impact  on  the  radiation  sensitvity 
of  the  fiber.  Many  other  factors  are  also  important  to  the 
radiation  response  of  the  fiber  such  as  the  dose  rate,  total 
ionizing  dose,  temperature,  processing  conditions,  operating 
wavelength,  power  level  of  transmitted  light  (photobleaching 
effects),  etc.*1*  In  general,  the  radiation  response  of  optical 
fibers  worsens  as  the  ambient  temperature  is  decreased  or  as 
the  operating  wavelength  is  decreased. 

5.2  Steady  State  Radiation  Response 
5.2.1  Multimode  Fiber  Designs 

Figures  4,  5,  and  6  show  the  radiation  response  at  850  nm  and 
1300  nm  for  the  standard  and  radiation-hardened  multimode  50 
pm,  62.5  pm,  and  100/140  pm  fiber  designs,  respectively,  at 
-46°C  for  a  3000  rad  exposure.  Similar  data  was  obtained  at 
25°C  and  71°C.  In  all  cases,  the  RH  fiber  designs  show 
significant  recovery  after  removal  from  the  radiation  field  as 
compared  to  the  standard  multimode  fiber  designs.  The  RH 
fiber  designs  typically  recovered  to  <  5  dB/km  after  3600s  at 
1300  nm  after  a  3000  rad  exposure  at  -46°C.  The  standard 
multimode  fibers  did  not  recover  after  removal  from  the 
radiation  field.  Figure  7  shows  the  effect  of  thermal  annealing 
on  the  radiation-induced  loss.  The  ambient  temperature  was 
increased  to  25°C  after  it  appeared  that  recovery  of  the  50  pm 


RH  fiber  from  a  3000  rad,  -46°C  exposure  ceased.  The 
radiation-induced  loss  decreased  dramatically  during  the  period 
that  the  temperature  was  increased.  This  phenomena  was 
observed  for  all  types  of  fibers  evaluated  although  the  degree 
of  recovery  varied.  At  1300  nm,  the  maximum  radiation- 
induced  loss  is  usually  much  lower  for  the  RH  fiber  designs 
compared  to  the  standard  multimode  fiber  designs.  However,  at 
850  nm,  the  maximum  radiation-induced  loss  is  lower  for  the 
standard  fiber  designs  compared  to  the  RH  fiber  designs.  Table 
III  shows  the  radiation  sensitivities,  which  is  defined  as  the 
peak  radiation-induced  loss  divided  by  the  total  radiation  dose, 
for  the  multimode  fiber  designs  at  -46°C,  25°C,  and  71°C.  The 
radiation  sensitivity  can  be  used  to  estimate  the  peak 
radiation-induced  loss  for  the  RH  fiber  designs  or  fiber  designs 
that  exhibit  recovery  after  removal  from  the  radiation  field  for 
total  integrated  doses  <  10  krads. 

5.2.2  Single  Mode  Fiber  Designs 

Figures  8,  9(a),  and  9(b)  are  the  radiation  response  curves  for 
the  SM,  AT  100,  and  AT  200  fibers,  respectively,  at  1310  nm 
and  1550  nm  after  a  -32°C,  3000  rad  exposure.  Similar  data 
was  obtained  at  25°C  and  63°C.  All  fibers  show  good  recovery 
at  both  wavelengths  after  removal  from  the  radiation  field. 
Figure  8  also  shows  the  effect  of  thermal  annealing  on  the 
single  mode  fibers.  The  ambient  temperature  was  increased  to 
25°C  after  it  appeared  that  recovery  stopped.  The  AT  100  and 
AT  200  fibers  exhibited  similar  behavior.  Table  IV  shows  the 
radiation  sensitivities  for  the  three  single  mode  fiber  designs  at 
-32°C,  25°C,  and  63°C.  Figure  10  shows  the  correlation 
between  the  relative  index  of  refraction  difference  between  the 
core  and  cladding  (A),  and  the  maximum  radiation-induced 
loss  and  the  induced  loss  after  recovery.  The  AT  200  fiber 
exhibited  the  lowest  radiation  sensitivity  at  -32°C  relative  to 
the  other  single  mode  fibers  evaluated,  but  had  the  highest  A 
(1.1%).  This  contradicts  the  correlation  between  intrinsic  loss 
and  A.  This  data  shows  the  trend,  particularly  at  1310  nm,  that 
fibers  with  higher  A  (higher  Ge  concentration)  have  a  lower 
sensitivity  to  radiation  at  low  temperature  possibly  because  it  is 
more  difficult  to  ionize  carriers  trapped  at  Ge  defect  sites 
compared  to  other  defect  sites  present  in  the  glass  matrix. 
Also,  the  effect  of  draw  conditions  on  the  radiation  response  of 
single  mode  fiber  designs  was  considered.  Several  single  mode 
fibers  drawn  at  constant  temperature  but  diffferent  draw  speeds 
were  irradiated  using  steady  state  gamma  radiation  to  a  total 
dose  of  3000  rads(Si)  at  -32°C  and  the  response  was  monitored 
at  1310  nm.  Figure  11  shows  the  radiation-induced  loss  as  a 
function  of  draw  speed.  There  was  not  a  significant  effect  of 
the  draw  speed  on  the  maximum  radiation-induced  loss  or 
induced  loss  after  4700s  recovery  for  the  range  of  draw  speeds 
considered.  It  has  been  reported  that  other  fabrication  and 
processing  conditions,  such  as  hydrogen  treatment*5*  and 
oxygen  stoichiometry,*6*  may  impact  the  radiation  response 
and  should  be  investigated  for  the  fiber  designs  considered  in 
this  work. 
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Table  III.  RADIATION  SENSITIVITIES  (mdB/(km.rad)) 
_ Multimode  Fiber  Designs _ 


Fiber 

Type 

X 

(pm) 

Temperature  (°C) 

-46 

25 

71 

50  pm  RH 

0.85 

46.3 

5.3 

— 

1.3 

6.9 

0.63 

0.13 

50  pm  STD 

0.85 

£29.8 

51.2 

— 

1.3 

£17.8 

15.5 

12.6 

62.5  pmRH 

0.85 

35.0 

3.6 

— 

1.3 

4.0 

0.56 

0.16 

62.5  pm  STD 

0.85 

£20.5 

44.0 

— 

1.3 

£8.9 

13.9 

11.2 

100/140  pm  RH 

0.85 

47.7 

5.4 

— 

1.3 

5.3 

0.43 

0.22 

100/140  pm  STD 

0.85 

£11.6 

13.8 

— 

1.3 

£6.2 

6.1 

5.9 

Table  IV.  RADIATION  SENSITIVITIES  (mdB/(km-rad)) 
_ Single  Mode  Fiber  Designs _ 


Fiber 

X 

Temperature  (°C) 

Type 

(pm) 

-32 

25 

63 

SM 

1.31 

2.5 

0.57 

0.29 

1.55 

1.4 

0.42 

- 

AccuTether  100 

1.31 

2.0 

0.43 

0.30' 

(DSF) 

1.55 

1.4 

0.32 

- 

AccuTether  200 

1.31 

1.1 

0.32 

0.25 

1.55 

0.60 

0.10 

- 

5.3  Transient  Radiation  Response 

The  response  of  the  50  pm  RH  multimode  fiber  after  exposure 
to  a  transient  radiation  pulse  of  about  500  rads  (dose  rate  - 

1.4  x  1010  rads(Si)/s)  at  -46°C,  25°C,  and  71°C  is  shown  in 
Figures  12,  13,  and  14,  respectively.  The  maximum  radiation- 
induced  loss  at  1300  nm  and  -46°C  was  about  225  dB/km  and 
recovered  to  <  3  dB/km  40s  after  removal  from  the  field.  At 
25°C,  the  maximum  radiation-induced  loss  at  1300  nm  was 
about  170  dB/km  and  recovered  to  <  1  dB/km  after  40s.  At 
71°C,  the  maximum  radiation-induced  loss  at  1300  nm  was 
about  140  dB/km  and  recovered  to  <  1  dB/km  after  10s. 
Similar  performance  is  expected  from  the  other  RH  multimode 
fiber  designs. 

The  response  of  the  AT  100  fiber  at  1310  nm  and  1550  nm 
after  exposure  to  transient  radiation  at  -32°C  is  shown  in 
Figure  15.  The  maximum  radiation-induced  loss  was  about  140 
dB/km  at  1310  nm  and  70  dB/km  at  1550  nm.  After  10s 
recovery,  the  radiation-induced  loss  was  <  1  dB/km  at  both 
wavelengths.  Similar  performance  is  expected  from  the  other 
single  mode  fibers. 


5.4  Neutron  Radiation  Response 

The  response  of  the  50  pm  RH  multimode  fiber  to  a  neutron 
radiation  environment  (1  x  1012  n/cm2  neutron  fluence  in  150 
ps)  at  -46°C,  25°C,  and  71°C  is  shown  in  Figures  16,  17,  and 
18.  The  maximum  radiation-induced  loss  at  1300  nm  was 
about  35  dB/km,  10  dB/km,  and  6  dB/km  at  -46°C,  25°C,  and 
71°C,  respectively.  After  600s  recovery,  the  induced  loss  was  < 

2  dB/km  at  -46°C,  and  <  1.5  dB/km  at  25°C  and  71°C.  Similar 
or  better  performance  is  expected  from  the  other  RH 
multimode  and  single  mode  fiber  designs.  Some  noise  and 
drift  were  present  in  the  data  because  short  sample  lengths 
were  necessary  to  measure  the  maximum  induced  loss  and  it 
was  not  practical  to  use  lock-in  amplifiers  to  monitor  the 
signals  in  the  lO^s  range. 

For  the  neutron  fluence  and  neutron  energy  considered,  the 
mechanism  for  the  radiation-induced  loss  is  ionization,  as 
previously  mentioned.  Therefore,  it  should  be  possible  to 
simulate  the  effects  of  the  neutron  radiation  environment  with 
an  equivalent  dose  of  gamma  radiation.  About  420  rads(Si) 
was  produced  from  the  neutron  fluence  used  in  these  tests  as 
measured  by  the  TLDs;  the  relationship  between  the  neutron 
fluence  and  gamma  radiation  dose  is  1  rad(Si)  ■» 

3  x  109  n/cm2.  The  maximum  induced  loss  from  a  418  rad, 
steady  state  gamma  radiation  exposure  is  much  less  than  the 
maximum  induced  loss  produced  by  the  neutron  radiation 
exposure.  The  maximum  radiation-induced  loss  is  primarily 
determined  by  the  dose  rate  for  pulsed  radiation  exposures 
while  the  radiation-induced  loss  after  recovery  is  related  to  the 
total  absorbed  radiation  dose.  The  "permanent"  radiation- 
induced  loss  after  recovery,  or  no  significant  change  in  the 
radiation-induced  loss,  is  similar  for  both  radiation 
environments.  The  "permanent"  radiation-induced  loss  at  1300 
nm  for  a  steady  state  gamma  radiation  exposure  of  418  rads(Si) 
is  calculated  to  be  about  0.4  dB/km  at  -46°C.  The  "permanent" 
radiation-ir.duced  loss  at  1300  nm  due  to  the  neutron  radiation 
exposure  at  -46°C  was  about  0.5  dB/km.  Additional  work  is 
needed  to  further  develop  the  relationship  between  neutron 
fluence  and  gamma  radiation  total  dose  for  this  type  of  neutron 
radiation  environment. 

6.  CONCLUSIONS 

Several  Ge-doped  silica  core  multimode  and  single  mode  fiber 
designs  were  evaluated  in  different  nuclear  radiation 
environments.  The  radiation-hardened  multimode  fiber  designs 
and  all  of  the  single  mode  fiber  designs  exhibited  excellent 
resistance  to  radiation-induced  loss  after  exposure  to  steady 
state  gamma  radiation  over  a  wide  temperature  range,  as 
evidenced  by  the  recovery  of  the  induced  loss  after  removal 
from  the  radiation  field.  Data  was  presented  that  suggested  a 
correlation  between  A  and  radiation  response;  as  A  increased, 
the  radiation  sensitivity  decreased.  Also,  the  effect  of  the  draw 
speed  on  the  radiation  response  was  considered.  The  draw 
conditions  did  not  have  a  significant  effect  on  the  radiation 
response  for  the  draw  conditions  considered.  The  50  |im  RH 
multimode  fiber  and  the  AT  100  single  mode  fiber  were 
exposed  to  transient  radiation.  Both  designs  showed  significant 
recovery  within  seconds  after  low  temperarture,  transient 
radiation  exposures.  The  50  pm  RH  multimode  fiber  was  also 
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evaluated  in  a  neutron  radiation  environment  over  a  wide 
temperature  range,  and  performed  well  during  and  after 
exposure  to  this  environment.  Also,  the  relationship  between 
neutron  fluence  and  absorbed  gamma  radiation  dose  was 
investigated.  Further  work  is  needed  to  establish  equivalency 
between  neutron  radiation  and  gamma  radiation  for  the  neutron 
fluences  and  total  doses  of  importance  in  most  tactical 
applications. 
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STEADY  STATE  RADIATION  TEST  SCHEMATIC 
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Figure  3.  Schematic  of  Neutron  Radiation  Test  Apparatus 
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Radiation-Induced  Loss  -  50  pm 
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FIGURE  4. 

Radiation-Induced  Loss  -  62.5  pm 
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FIGURE  5. 
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Radiation-Induced  Loss  -  100/140  )jm 


0  1000  2000  3000  4000 


MWS  Tue  Apr  3  1 7:41 :02  EDT  1 990  Time  (seconds) 

T-46C.  3000  rads,  100/140  pm 

FIGURE  6. 


RADIATION-INDUCED  LOSS 
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FIGURE  7. 
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Radiation-Induced  Loss 
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FIGURE  8. 
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FIGURE  10. 

Radiation-Induced  Loss  vs.  Draw  Speed 
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FIGURE  11. 
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AT&T  Type  JA-60I25  micron  Rad  Herd  Fiber 
1  MtV  Equivalent  Pulled  Neutron  /  San  die  SPR-HI 


Tima,  aacanda 


Figure  16.  Neutron  Radiation  Response  of  the  Radiation-Hardened  50  pm  Multimode 
Fiber  at  -46°C 
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Figure  17.  Neutron  Radiation  Response  of  the  Radiation-Hardened  50  pm  Multimode 

Fiber  at  25°C 
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AT&T  Typ«  3A  ■  6G/125  micron  H*d  Hard  Fiber 
1  MeV  Equivalent  Pulsed  Neutron  /  SuncUa  SPK*1U 


Ibii,  seconds 

Figure  18.  Neutron  Radiation  Response  of  the  Radiation-Hardened  50  pm  Multimode 
Fiber  at71°C 
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Effect  of  Alternating  Current  on  Corrosion  of  Mechanical 
Splice  Closures  in  Underground  Cable  Plant 


J.H.Wang,  V.T.Horng, 


Telecommunication  Laboratories 


P.O.Box  71,  Chung-Li, 


ABSTRACT 

The  present  experimental  work  is  to 
evaluate  the  60  Hz  AC  effects  on  the 
pitting  corrosion  of  metallic  com¬ 
ponents  (AISI  304  and  316  SS)  of 
mechanical  splice  closure  in  chloride 
containing  solutions.  The  results  show 
that  AC  shifts  the  corrosion  potential 
toward  the  negative  direction  and 
slightly  promotes  the  corrosion  resis¬ 
tance  of  304  and  316  SS  in  3%  NaCl. 
While, in  0.1  M  HCl,  the  304  and  316  SS 
suffer  more  severe  pitting  attack  if  AC 
is  present.  Measurements  of  the  anodic 
polarization  curve  of  the  artificial 
pit  suggest  that  AC  effect  on  ac¬ 
celerating  the  pitting  growth  is  more 
significant  for  304  SS  than  for  316  SS. 


INTRODUCTION 

Corrosion  by  Alternating  Current 
(AC)  has  received  interests  in  recent 
years.  An  AC  originated  from  electrical 
transmission  system  usually  travels 
through  the  environment  and  enters  the 
underground  telephone  plant.  AC  has 
been  found  to  depolarize  the  anodic  or 
cathodic  reaction  of  metals  and  ac¬ 
celerate  their  corrosion  rates  11-61. 
Therefore,  it  is  much  concerned  whether 
the  AC  would  d_mage  the  metallic  com¬ 
ponents  of  underground  cable  plant  or 
not, especial ly  in  an  aggressive  en- 
vi ronment. 

Mechanical  splice  closure  is  not 
popular  in  Taiwan  and  its  long  term 
reliability  is  still  under  further 
studies  before  wide-spread  deployment. 
Most  types  of  mechanical  closures  are 


Taiwan,  32099,  R.O.C. 

made  of  AISI  304  and  316  stainless 
steels  (SS)  or  plastic  materials,  AC 
effects  on  the  localized  corrosion  of 
stainless  steel  are  not  well  understood 
and  .therefore,  introduce  additional 
uncertainty  in  the  long  term  re¬ 
liability  of  mechanical  splice  closures 
in  an  aggressive  environment. 

Since  the  pitting  corrosion  is  one 
of  the  most  important  corrosion  be¬ 
haviors  for  austenitic  stainless  steel 
in  an  aggressive  environment,  the  pur¬ 
pose  of  this  paper  is  to  evaluate  the 
effect  of  60-Hz  sinusoidal  AC  ( 1  V  rms) 
on  the  pitting  corrosion  of  metallic 
components  (304  and  316  SS)  of  mechani¬ 
cal  splice  closure  in  very  aggressive 
environments,  namely, 3%  NaCl  and  0.1  M 
HCl  solutions.  In  this  work,  ele¬ 
ctrochemical  laboratory  measurements 
and  Scanning  Electronic  Microscopy 
(SEM)  examinations  are  taken  to  inves¬ 
tigate  the  influences  of  AC  on  the  pit¬ 
ting  corrosion  of  stainless  steel.  For 
studying  the  growth  rate  of  an  existing 
pit,  the  artificial  pit  [71  technique 
is  also  used. 


EXPERIMENTAL 

Preparation  of  Test  Specimens 

Commercial  AISI  304  and  316  SS  are 
prepared  as  cylindrical  specimens,  20 
mm  in  length  and  8  mm  in  diameter.  The 
top  surface  of  each  specimen  is 
provided  with  a  shallow  screw  hole,  3 
mm  in  diameter.  Electrical  connection 
to  the  specimen  is  made  by  an  ATST  304 
SS  lead,  which  is  screwed  into  the  hole 
in  the  specimen. 

All  specimens  are  polished  with  600 
grit  SiC  paper, rinsed  with  distilled 
water, and  immediately  introduced  into 
the  test  cell. 
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For  studying  the  growth  of  an  ex¬ 
isting  pit,  an  artificial  pit  is  made 
as  following: 

First,  the  surface  of  a  cylindrical 
specimen  is  coated  with  epoxy  and  a 
small  hole  (0.5  mm)  left  in  it.  Then, 
this  specimen  is  activated  at  500  mV 
(SCE)  for  6  hours  in  3%  NaCl  solution 
to  form  an  artificial  pit.  By  electri¬ 
cally  coupling  an  artificial  pit  (anode 
electrode)  through  a  zero  resistance 
ammeter  (Z.R.A)  with  an  unpitted  cy¬ 
lindrical  specimen  (cathode  electrode) 
in  solution,  as  shown  in  Fig.l,  the 
current  flowing  between  the  galvanic 
couple  can  therefore  be  regarded  as  the 
pit  growth  current  of  the  artificial 
pit.  Thus,  the  pit  growth  rate  can  be 
estimated  by  the  galvanic  couple  cell. 

Test  Procedures 

In  this  work,  electrochemical 
measurements  are  carried  out  in  3%  NaCl 
and  0.1  M  HCl  solutions  at  room  tem¬ 
perature.  The  60-Hz  sinusoidal  AC  with 
a  constant  voltage,  1  V  rms,  are  ap¬ 
plied  to  the  test  specimens  by  a  func¬ 
tion  generator.  The  DC  voltage  output 
is  offset  by  the  function  generator  it¬ 
self  and  only  AC  is  applied  to  the  test 
specimens . 

The  following  experiments  are 
conducted: (1 )  measurements  of  the  cor¬ 
rosion  potentials  (Ecorr)  during  the 
immersion  period  of  140  hours  ;(2) 
measurements  of  the  electrochemical  im¬ 
pedances  and  pitting  potential  (Enp) 
immediately  after  immersion  time  of  140 
hours;  (3)  examination  of  the  pit  mor¬ 
phology  by  SEM  immediately  after  immer¬ 
sion  time  of  140  hours; (4)  measurements 
of  galvanic  current  of  the  artificial 
pit  under  different  conditions;  and  (5) 
measurements  of  the  anodic  polarization 
curve  of  the  artificial  pit  and 
cathodic  polarization  curve  of  the 
specimen . 

Measurements  of  (2),  (4)  and  (5) 
are  performed  under  nature  condition 
without  superimposing  AC  onto  the  test 
specimens. 

All  potential  reported  in  this 
paper  are  converted  to  the  SCE  scale. 

Electrochemical  impedance  measure¬ 
ments  are  taken  at  open  circuit  poten¬ 
tial.  A  minimum  perturbation  potential 
of  10  mV  is  applied  over  the  frequency 


range  from  100  kHz  to  5  mHz. 


RESULTS  and  DISCUSSION 

The  changes  in  corrosion  potential 
(Ecorr)  vs  time  under  various  testing 
conditions  are  shown  in  Fig. 2-5.  In  or¬ 
der  to  investigate  the  AC  effect  on  the 
Ecorr  of  304  and  316  SS,the  Ecorr  with 
and  without  AC  application  is  put  in 
the  same  figure  for  comparison.  As 
seen,  the  AC  effect  on  Ecorr  is  depen¬ 
dent  on  the  corrosion  environment.  In 
3%  NaCl  (Fig. 2  and  3),  the  Ecorr  is 
shifted  toward  the  negative  direction 
and  a  significant  fluctuation  in  Ecorr 
is  observed  during  the  initial  time  be¬ 
cause  of  the  presence  of  AC.  After 
nearly  80  hours,  the  Ecorr  is  settled 
at  a  nearly  same  potential  either  with 
or  without  AC.  While,  AC  results  in  a 
different  change  of  Ecorr  when  in  the 
0.1  M  HCl.  From  Fig. 4  and  5,  a  more 
positive  Ecorr  is  induced  with  the 
presence  of  AC  .  The  Ecorr  is  shifted 
toward  the  noble  direction  nearly  25  mV 
for  316  SS  and  65  mV  for  304  SS  as  AC 
applied  in  0.1  M  HCl. 

The  electrochemical  impedance  data 
for  304  and  316  SS  is  presented  in 
Fig. 6-9.  The  presence  of  AC  is  found  to 
slightly  increase  the  electrochemical 
impedance  for  both  304  and  316  SS  in  3% 
NaCl  (Fig. 6  and  7)  whereas  slightly 
decrease  the  impedance  in  0.1  M  HCl 
(Fig. 8  and  9).  This  results  indicate 
that  corrosion  resistance  of  stainless 
steel  is  slightly  suppressed  in  0.1  M 
HCl  but  slightly  enhanced  in  3%  NaCl  if 
AC  is  present.  In  addition,  the  lower 
impedance  in  0.1  M  HCl  than  in  3%  NaCl 
suggests  that  the  former  is  a  more  ag¬ 
gressive  environment  for  the  stainless 
steel . 

Another  than  the  electrochemical 
impedance,  the  pitting  potential  (Enp) 
,i.e.  potential  above  which  pits 
nucleate  and  develop,  is  also  taken 
into  this  study  to  investigate  the  in¬ 
fluence  of  AC  on  the  corrosion  behavior 
of  stainless  steel.  Usually,  the  Enp  is 
considered  as  a  measure  of  the  suscep¬ 
tibility  of  different  metals  to  pitting 
in  various  aggressive  environments.  The 
more  positive  Enp,  the  more  resistant 
is  the  metal  to  pitting.  Table  1  gives 
the  Enp,  evaluated  from  the  shape  of 
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the  anodic  polarization  curve,  under 
various  testing  conditions.  It  is  seen 
that  if  AC  is  present,  the  Enp  is 
slightly  more  positive  in  3%  Nad  but 
slightly  more  negative  m  0.1  M  HCl . 
Meanwhile,  the  Enp  is  much  more  nega¬ 
tive  when  in  the  latter  solution.  The 
results  from  the  Enp  and  electrochemi¬ 
cal  impedance  measurements  are  consis¬ 
tent  and  suggest  that  AC  effect  on  the 
corrosion  behavior  of  304  and  316  SS  is 
dependent  on  the  corrosion  environment. 
It  demonstrates  that  AC  is  harmful  to 
stainless  steel  when  in  0.1  M  HCl  but. 
not  in  3%  NaCl  during  140  hours'  immer¬ 
sion. 

SEM  examination  on  304  and  316  SS 
specimens  after  immersion  time  of  140 
hours  shows  that  there  is  no  pitting 
corrosion  for  304  and  316  SS  in  3%  NaCl 
neither  with  nor  without  AC.  On  the 
other  hand,  more  or  less  pitting  is 
found  with  SS  in  0.1  M  HCl.  Figure  10 
shows  a  set  of  pit  morphology  of  304 
and  316  SS  after  the  140  hours'  immer¬ 
sion  in  0.1  M  HCl.  No  AC  is  applied  to 
the  specimen  in  Fig. 10 (a)  and  10(c). 
The  effect  of  AC  on  pitting  corrosion 
of  specimen  is  shown  in  Fig. 10(b)  and 
10(d)  in  comparison  with  Fig.  10(a)  and 
10(c).  According  to  the  large  pits  in 
Fig. 10(b)  and  many  small  pits  in  Fig. 
10(d), it  demonstrates  that  pitting  cor¬ 
rosion  of  304  and  316  SS  have  been 
markedly  accelerated  because  of  the 
presence  of  AC. 

All  the  above  results  indicate  that 
the  presence  of  AC  can  shift  Ecorr  of 
304  and  316  SS  toward  the  positive 
direction  and  simultaneously  accelerate 
the  pitting  corrosion.  The  reason  for 
why  a  shift  in  Ecorr  toward  the  posi¬ 
tive  direction  will  also  promote  the 
pitting  growth  rate  can  be  understood 
by  the  kinetics  of  pit  growth.  It  is 
known  that  pitting  growth  process  is 
caused  by  the  corrosion  cell  current, 
which  is  a  function  of  the  potential 
difference  between  the  anode  and  the 
cathode  as  well  as  the  IR  voltage  in 
the  corrosion  environment.  The  poten¬ 
tial  difference  depends  on  the 
polarization  behavior  of  the  metals  in 
the  cell;  the  IR  voltage  is  determined 
by  the  geometric  shape  and  the  conduc¬ 
tivity  of  the  current's  conducting 
path.  Any  factor  that  promotes  the 
potential  difference  between  the  anode 


and  cathode  will  increase  the  driving 
force  for  the  corrosion  cell  current 
and  accelerate  the  pitting  growth. 
Since  there  is  a  large  IR  voltage  drop 
inside  the  pit,  it  is  reasonably  sup¬ 
posed  that  AC  will  affect  the 
polarization  behavior  of  cathode  out¬ 
side  the  pit  but  not  the  anodic 
polarization  behavior  inside  the  pit. 
In  the  presence  of  AC,  the  most  pos¬ 
sible  explanation  of  the  increase  in 
pitting  corrosion  rate  accompanied  with 
a  positive  shift  in  Ecorr  is  that 
depolarization  of  the  cathodic  reaction 
and  an  increase  in  potential  difference 
of  the  pitting  corrosion  cell  are 
caused  by  AC. 

The  pitting  corrosion  cell  can  be 
simulated  by  a  galvanic  cell  consisting 
of  an  artificial  pit  and  an  electri¬ 
cally  separated  specimen,  as  shown  in 
Fig.l.  The  pitting  growth  rate (current) 
is  determined  by  the  anodic  polariza¬ 
tion  curve  of  the  artificial  pit  and 
the  cathodic  polarization  curve  of  the 
specimen.  Fig. 11  and  12  give  the 
polarization  curves  of  the  galvanic 
cell  in  0.1  M  HCl.  The  Icoupled  in 
these  figures  is  the  pitting  growth 
current  with  no  AC  application.  As  AC 
applied,  the  corrosion  potential  of  304 
SS  would  be  shifted  toward  positive 
direction  by  65  mV(from  Fig. 4), and 
therefore  the  cathodic  polarization 
changed,  (shown  as  the  dashed  line  in 
Fig, 11).  As  a  result,  the  pitting 
growth  current  of  304  SS  increased 
from  Icoupled  (about  1  uA)to  I 'coupled 
(about  2.2  uA)  by  AC,  which  depolarized 
the  cathodic  reduction.  In  the  case  of 
316  SS  in  0.1  M  HCl(Fig.l2),  a  more 
significant  polarization  of  anodic  oxi¬ 
dation,  i.e.  a  more  slowly  increasing  in 
current  with  potential,  is  found  with 
the  artificial  pit.  The  pitting  growth 
current  of  316  SS  iS  about  0.35  uA  and 
is  less  than  that  of  304  SS.  This 
result  is  consistent  with  the  fact  that 
316  SS  is  more  resistant  to  pitting 
corrosion  than  304  SS.  Besides,  Ecorr 
of  316  SS  is  shifted  only  about  25  mV 
by  AC, as  shown  in  Fig. 5.  Consequently, 
only  little  increase  in  pitting  growth 
current,  from  Icoupled (about  0.35  uA) 
to  I 'coupled  (about  0.41  uA),  is  caused 
by  passing  AC  to  316  SS,  as  shown  in 
Fig. 12.  These  results  suggest  that  AC 
effect  on  accelerating  the  pitting 
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growth  rate  should  be  more  significant 
for  304  SS  than  for  316  SS. 

The  above  discussion  has  described 
that  the  pitting  corrosion  of  304  and 
3i6  SS  is  accelerated  by  AC  in  0.1  M 
HCl >  In  3%  NaCl,  although  no  harmful 
effect  of  AC  on  the  susceptibility  to 
pitting  corrosion  is  observed  during 
the  short  testing  period,  prolonged 
measurements  should  be  performed  fur¬ 
thermore  to  clarify  the  influence  of 
the  AC  on  pitting  corrosion  of  SS  in  a 
less  aggressive  environment. 


CONCLUSIONS 

1;  No  harmful  effect  of  -AC  on  the 
pitting  corrosion  of  304  and  316  SS  is 
observed  in  3%  NaCl .  While  in  0.1  M 
HCl ,  the  presence  of  AC  is  found  to 
markedly  promote  the  pitting  corrosion. 

2.  The  increase  in  Ecorr  toward  the 
positive  direction  caused  by  AC,  which 
therefore  increasing  the  potential  dif¬ 
ference  between  the  galvanic  couple  of 
pitting  corrosion  cell,  plays  an  impor¬ 
tant  role  in  accelerating  the  pitting 
corrosion. 

3.  AC  effect  on  promoting  the  pitting 
growth  is  more  significant  for  304  SS 
than  for  316  SS  because  of  the  dif¬ 
ferent  anodic  polarization  characters 
of  pit  and  Ecorr  shift  between  them. 


Table  1.  Enp  under  various  conditions 


Enp.aV 

304  SS 

316  31 

NaCl  HCl 

N«C1  HCl. 

AC 

Non  AC 

360  21S 

32S  235 

4S0  285 

430  310 

Figure  1.  Schematic  of  galvanic  couple 
cell  for  measurement  of  pitting  growth. 
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Figure  2.  Changes  in  Ecorr  vs  time  of 
304  SS  in  3%  NaCl. 


Figure  3.  Changes  in  Ecorr  vs  time 
316  SS  in  3%  NaCl. 


Figure  4.  Changes  in  Ecorr  vs  time  of 
304  SS  in  0.1  M  HCl . 


Figure  5.  Changes  in  Ecorr  vs  time  of 
316  SS  in  0.1  M  HCl. 
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log  f,Hz 


Figure  6.  Bode  plot  of  304  SS  in  3% 
NaCl . 


log  f,Hz 


Figure  7.  Bode  plot  of  316  SS  in  3% 
NaCl . 


log  f,Hz 


Figure  8*  Bode  plot  of  304  SS  in  0*1  M 
HCl . 


HC1 . 
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Current, uA 

Figure  12.  Polarization  curves  of  gal¬ 
vanic  couple;  Full  line  -  experimental; 
Dashed  line  -  speculative;  316  SS  in  0.1 
M  HCl . 
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Abstraci 

The  inside  of  a  pedestal  can  have  extreme  tempera¬ 
tures  and  humidities  which  will  affect  rates  of  cable 
core  material  degradation.  The  objective  of  this 
work  was  to  develop  test  methods  and  procedures 
specific  to  fiber  optic  cable  core  components  which 
more  accurately  reflect  real-life  situations.  This  al¬ 
lows  the  long  term  performance  of  the  finished 
product  to  be  more  accurately  evaluated  in  a  short 
period  of  time. 

Introduction 

Polymeric  cable  materials  typically  are  laboratory 
tested  under  various  conditions  to  assess  their  suit¬ 
ability  in  various  applications.  To  date,  the  majori¬ 
ty  of  this  testing  has  been  conducted  on  polymer 
samples  that  have  been  compression  molded,  injec¬ 
tion  molded,  or  extruded.  These  samples  are  mea¬ 
sured  for  their  relevant,  initial  property  values  and 
then  may  be  aged  at  some  elevated  temperature  in 
appropriate  environments  to  accelerate  any  poten¬ 
tial  degradation  reactions.  The  performance  is  then 
evaluated  by  monitoring  these  relevant  properties  as 
a  function  of  aging  time.  In  the  case  of  mechanical 
properties,  the  widely  accepted  and  standardized 
practice  is  to  test  materials  in  a  uniaxial  tension 
test1. 

As  fiber  optic  cables  spread  further  into  the  net¬ 
work  toward  the  home  or  curb,  the  cable  core  itself 
will  be  exposed  to  a  wide  variety  of  environmental 
conditions.  It  is,  therefore,  important  that  the  test¬ 
ing  used  to  measure  and  evaluate  the  performance 
of  the  core  materials  accurately  describes  the  real 
(application)  environment.  A  test  program  was 
developed  to  meet  this  objective.  This  program 
consists  of  three  steps:  sample  preparation,  aging, 
and  test  performance.  This  paper  discusses  each  of 
these  steps  individually. 


Procedure 

Sample.  Preparation 

Cable  core  materials  must  have  certain  physical 
characteristics  to  be  suitable  for  processing,  provide 
the  necessary  protection  for  the  optical  fibers,  and 
allow  for  installation  and  handling  in  real  life  envi¬ 
ronments.  Additionally,  these  materials  are  expect¬ 
ed  to  maintain  this  performance  for  20  to  40  years. 

Materials  are  commonly  tested  according  to  estab¬ 
lished  procedures.  The  most  widely  accepted  mate¬ 
rials  standards  organization  in  the  United  States  is 
the  American  Society  for  Testing  and  Materials 
(ASTM).  These  standards  specify  test  sample 
preparation  and  conditioning,  aging  environments 
and  times,  test  procedures,  and  interpretation  of  re¬ 
sults. 

Fiber  optic  cable  materials  are  typically  made  from 
a  thermoplastic  and  serve  the  primary  purpose  of 
providing  mechanical  and  environmental  protection 
for  the  optical  fibers.  The  most  common  shape  of 
the  materials  is  to  form  a  tube  in  which  to  hold  the 
fibers.  Secondly,  these  tubes  may  serve  to  group 
and  identify  fibers.  Mechanical  properties  such  as 
tensile  strength,  crush  resistance,  kink  perfor¬ 
mance,  and  fatigue  resistance  are  of  great  interest. 
Standard  materials  test  methods,  however,  may  not 
be  able  to  completely  or  correctly  predict  the  per¬ 
formance  of  a  finished  product.  Their  is  no  ASTM 
test  procedure  to  evaluate  the  crush  resistance  or 
the  kink  performance  of  small  diameter  thermo¬ 
plastic  tubes.  Additionally  the  tensile  properties  of 
these  tubes  may  not  be  the  same  as  the  tensile  prop¬ 
erties  of  ASTM  specified  samples.  Differences  in 
tensile  behavior  between  tubes  and  ASTM  samples 
may  arise  as  a  result  of  processing  methods  used  to 
prepare  the  samples  and/or  the  use  of  multiple  lay¬ 
ers  of  different  polymers  to  form  composite  tubes. 


International  Wire  &  Cable  Symposium  Proceedings  1990  237 


A  generic  thermoplastic  stress-strain  curve  is  shown 
in  Figure  1.  In  this  figure  it  can  be  seen  that  the 
material  has  an  elastic  and  a  plastic  region  which 
are  separated  by  the  yield  point.  A  stress-strain 
curve  for  a  composite  tube  is  shown  in  Figure  2.  In 
this  figure  it  is  notable  that  even  though  the  individ¬ 
ual  materials  in  this  tube  had  stress-strain  curves 
that  were  similar  to  the  generic  material  in  Figure 
1,  the  composite  tube’s  performance  is  distinctly 
different. 


Strain  (%) 

flguro  1 


Evaluation  of  materials  for  long-term  performance 
also  involves  testing  for  compatibility  of  the  materi¬ 
als  with  other  chemicals  that  they  will  be  exposed  to 
during  their  service  life,  including  air,  water,  and 
any  flooding  and/or  filling  compound  inside  the 
cable.  A  standard  ASTM  materials  test  method  may 
involve  coating  a  material  sample  with,  or  sub¬ 
merging  it  in,  such  chemicals,  aging  the  system  at  a 
specified  temperature  and  then  removing  samples 
and  monitoring  their  mechanical  properties  as  a 


function  of  aging  time.  The  pass/fail  criteria  are 
typically  based  on  either  minimum  (or  maximum) 
absolute  property  requirements  or  some  maximum 
allowable  property  change. 

These  methods,  however,  fail  to  recognize  some  ef¬ 
fects  that  will  occur  in  the  finished  product;  a  cable 
core  tube  in  this  case.  In  the  case  of  fiber  optic  ca¬ 
bles,  core  tubes  typically  employ  a  filling  com¬ 
pound  which  serves  as  a  “cushion”  for  the  optical 
fiber  and  as  a  water  block  for  the  tube.  This  fill¬ 
ing  compound,  if  it  interacts  with  the  core  tube 
material,  only  has  access  to  the  tube  at  the  inner 
surface.  Conversely,  any  chemicals  (i.e.  flooding 
compound)  that  may  be  outside  of  the  core  tube 
can  only  access  the  tube  through  the  outer  surface. 
Any  interactions  of  the  tube  materials  with  air  (ox¬ 
idation)  or  water  (hydrolysis)  could  also  be  affected 
by  the  presence  of  the  filling  and  flooding  com¬ 
pounds.  Additionally,  differences  in  the  processes 
used  to  make  the  ASTM  sample  and  the  tube  may 
result  in  differences  in  polymeric  morphology 
(crystallinity)2  which  could  cause  the  mechanical 
and  aging  characteristics  to  differ. 

Based  on  the  considerations  listed  above,  it  is  clear 
that  the  best  test  specimen  to  accurately  reproduce 
real-life  cable  material-environment  interactions 
would  be  the  actual  finished  product,  with  any  fill¬ 
ing  compounds  inside  the  tube  and  the  appropriate 
reactants  outside  the  tube. 

Aging  Conditions 

The  pedestal  environment  is  very  severe  in  terms  of 
heat,  humidity  and  other  outdoor  conditions.  The 
objective  of  this  section  was  to  create  specific  aging 
conditions  which  simulate  the  thermal  and  physical 
characteristics  of  the  pedestal  environment.  Inside 
the  pedestal,  the  cable  jacket  will  be  stripped  away 
leaving  the  cable  core  exposed.  Pedestals  may  have 
an  interior  width  as  small  as  100  to  150  mm  (4”  to 
6”)  and  may  be  used  to  store  extra  lengths  of  coiled 
core  tubes.  The  stresses  applied  to  the  these  materi¬ 
als  by  being  coiled  could  cause  accelerated  “stress 
cracking”  or  material  degradation.  Based  on  this 
scenario,  all  accelerated  aging  tests  in  this  study 
were  performed  on  cable  core  tubes  that  were 
stressed  by  wrapping  them  around  a  100  mm  (~4”) 
mandrel. 

A  temperature  of  (185'F)  and  a  duration  of 
30  days  were  chosen  for  this  testing.  Additionally 
it  was  decided  to  perform  all  aging  at  94%  relative 
humidity.  This  humidity  level  was  the  highest  at- 
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tainable  based  on  existing  test  equipment  limita¬ 
tions.  The  core  tube  will  have  some  specific  per¬ 
formance  lifetime  in  this  accelerated  test  environ¬ 
ment.  The  equivalent  performance  lifetime  in  real 
life  will  depend  on  the  actual  aging  conditions  and 
on  the  particular  materials  being  tested. 
Temperature  and  humidity  can  often  work  together 
to  degrade  materials,  but  in  a  real  pedestal  envi¬ 
ronment,  the  humidity  will  most  likely  decrease  as 
the  temperature  increases.  The  effect  of  increasing 
temperature  has  been  observed  to  increase  degra¬ 
dation  rates  in  an  exponential  fashion.  Tne  effect 
of  increasing  relative  humidity  has  been  observed  to 
increase  degradation  rates  in  a  more  linear  fashion. 
It  is  felt  that  the  degradation  resulting  from  these 
aging  conditions  is  equivalent  to  the  degradation 
that  will  occur  during  the  service  life  of  cable  mate¬ 
rials  in  a  typical  pedestal  environment. 

Test  Performance 

Standard  Tests:  Standard  tensile  test  methods 
consist  of  measuring  the  mechanical  performance  of 
standardized  test  samples.  The  performance  is  eval¬ 
uated  by  measuring  certain  mechanical  properties  in 
a  uniaxial  tensile  test.  Mechanical  properties  such 
as  stress  and  strain  at  break,  stress  and  strain  at 
yield  and  tensile  modulus  are  commonly  of  interest. 
The  long  term  performance  of  a  material  is  then 
evaluated  by  monitoring  the  important  mechanical 
properties  as  a  function  of  aging  time.  In  the  first 
phase  of  this  work,  an  attempt  was  made  to  perform 
standard  test  methods  and  procedures  on  cable  core 
tubes. 

Three  different  core  tube  types  were  tested,  the 
major  differences  being  the  types  of  materials  from 
which  the  tubes  were  made.  Sample  type  A  was  a 
single  layer  polyester  tube.  Sample  type  B  was  a 
dual  layer  tube  with  polycarbonate  as  the  inner 
layer  and  a  polyester  as  the  outer  layer.  Sample 
type  C  was  a  dual  layer  tube  with  a  nylon  as  the 
inner  layer  and  a  polyester  as  the  outer  layer. 
These  materials  and  material  combinations  repre¬ 
sent  the  majority  of  those  used  in  the  fiber  optic  in¬ 
dustry  for  cable  core  tubes.  Samples  were  wrapped 
around  a  100  mm  diameter  mandrel  and  aged  at 
85°C  and  94%  relative  humidity  for  30  days. 
Samples  were  tested  before  and  after  aging  accord¬ 
ing  to  ASTM  specification  D638  (Standard  Test 
Method  for  Tensile  Properties  of  Plastics). 

A  typical  ASTM  standardized  test  sample  is  pre¬ 
pared  such  that  the  center  section  of  the  sample  has 
a  smaller  cross  section  than  the  ends  where  the  sam¬ 


ple  is  gripped.  This  practice  induces  a  localized 
stress  region  in  the  center  of  the  sample  so  that  dur¬ 
ing  testing,  elongation  will  occur  in  the  center. 
Since  core  tubes  have  a  constant  cross-section  there 
is  no  localized  stress  region  in  the  cente 
sample.  Altering  the  sample  by  thinning  the  center 
cross  section  is  difficult  to  do  without  creating  sur¬ 
face  flaws  and  this  also  violates  the  intent  of  using 
finished  product  samples  as  discussed  in  the  sample 
preparation  section.  During  the  initial  phases  of 
testing,  the  core  tubes  were  deformed  so  severely  in 
the  grips  of  the  tensile  test  machine  that  they  would 
often  fail  at  one  of  the  grips,  thus,  invalidating  the 
test.  It  was  possible  to  avoid  the  extreme  tube 
damage  in  the  grips  by  inserting  a  plastic  or  metal 
rod  into  the  tube  to  prevent  its  total  collapse  when 
gripped.  This  method  greatly  reduced  the  tube 
damage  during  gripping  and  allowed  for  complete 
testing  of  the  tubes. 

Table  1  summarizes  the  results  from  the  testing  of 
sample  types  A,  B  &  C.  The  table  reports  the 
change  in  yield  stress  and  strain  as  a  consequence  of 
aging.  Core  tubes  are  designed  to  perform  mechan¬ 
ically  within  their  elastic  region.  That  is,  no  per¬ 
manent  (plastic)  tube  deformation  is  desired  during 
normal  use  and  handling.  Thermoplastic  cable  core 
tube  materials  will  have  yield  strains  significantly 
greater  than  allowable  optical  fiber  strain  levels. 
Therefore,  yield  point  properties  are  important  be¬ 
cause  they  define  the  upper  limits  of  interest. 
Ideally  the  yield  point  is  where  the  stress-strain  re¬ 
lationship  is  no  longer  linear.  For  most  plastics  this 
occurs  at  very  small  strain  levels,  if  at  all. 
Therefore,  a  more  practical  definition  of  the  yield 
point  has  been  adopted  to  better  approximate  this 
value.  The  yield  point  is  defined  in  this  testing  (as 
in  ASTM  D638)  as  the  point  where  an  increase  in 
strain  occurs  with  no  associated  increase  in  stress. 
This  is  the  point  where  the  slope  of  the  stress-strain 
curve  goes  to  zero.  Samples  were  considered  brit¬ 
tle  if  they  broke  before  the  yield  point  was  reached. 
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Table  1 


Sample 


Initial 

Final 

Aim 

yield  strain 

11.8 

14.4 

+  22.0 

yield  stress  (MPa) 

40.9 

43.6 

+  6.6 

yield  strain 

6.3 

6.7 

+  6.3 

yield  stress  (MPa) 

49.3 

54.7 

+  11.0 

yield  strain 

10.7 

11.9 

+  15.0 

yield  stress  (MPa) 

38.6 

44.4 

+  11.2 

Several  inadequacies  have  been  observed  using  this 
test  procedure.  In  actual  field  use,  cable  core  tubes 
will  be  bent  during  handling.  The  standard  uniaxial 
tensile  test  does  not  account  for  the  compressive  and 
shear  loads  encountered  in  bending.  The  data  from 
the  uniaxial  tensile  test  is  also  difficult  to  interpret. 
Figure  3  is  a  plot  of  the  after  aging  stress-strain 
curve  for  sample  type  A.  In  this  figure,  according 
to  ASTM  D638,  the  point  of  zero  slope  is  marked 
as  point  B.  It  is  obvious  that  this  point  lies  well 
within  the  region  of  plastic  deformation  and  cannot 
be  considered  as  the  approximate  yield  point.  Point 
A  on  the  graph  is  a  better  approximation  of  the 
yield  point,  however,  its  selection  is  somewhat  arbi¬ 
trary. 


Strain 

Figure  3 


Additionally,  once  the  data  is  acquired  it  is  difficult 
to  equate  changes  in  mechanical  properties  to 
changes  in  handling  characteristics.  One  can  ob¬ 
serve  in  Table  1  that  the  tensile  performances  as 
measured  according  to  ASTM  D638  for  all  of  the 
core  tube  types  were  similar.  The  changes  in  yield 
stress  ranged  from  +6.6%  for  sample  type  A  to 
+15%  for  sample  type  C.  The  changes  is  yield 
strain  ranged  from  +  6.3%  for  sample  type  B  to  + 
22%  for  sample  type  A.  All  samples  exhibited  a 
yield  point  after  aging  that  was  within  25%  of  the 
original  yield  point.  Sample  types  B  and  C  were 
easily  handled  after  the  aging  process,  but  sample 
type  A  was  observed  to  break  quite  easily  when 
handled. 

Similar  inadequacies  are  encountered  when  other 
mechanical  properties  such  as  secant  modulus  are 
monitored.  Thus,  more  realistic  tests  are  required 
to  approximate  actual  field  handling  conditions  so 
that  unacceptable  long  term  performance  can  be 
evaluated. 

Functional  Tests:  A  set  of  tests  were  needed 
that  more  accurately  represented  the  field  use  me¬ 
chanical  loads  that  the  core  tube  would  be  subjected 
to.  The  objective  in  establishing  these  tests  was  that 
they  had  to  be  relatively  simple  to  perform  while 
accurately  simulating  actual  field  handling  condi¬ 
tions.  Also,  the  fewer  the  number  of  tests,  the  bet¬ 
ter.  Two  tests  were  developed  to  test  the  aged  and 
unaged  core  tubes.  These  tests  evaluate  a  tube’s 
durability  and  kink  performance. 

Durability  -  Cyclic  Flex  Test 

The  first  test  is  a  variation  of  the  cyclic  flex  test 
performed  on  cables.  It  was  fashioned  after  FOTP 
(Fiber  Optic  Test  Procedure)  104,  entitled  Fiber 
Optic  Cable  Cyclic  Flexing  Test.  The  same  equip¬ 
ment  and  setup  was  used  as  prescribed  in  FOTP 
104.  A  one  meter  core  tube  sample  was  placed  in 
the  test  apparatus  with  a  1.5  kg  (3.3  lbs)  weight  at¬ 
tached  to  the  end.  This  weight  insured  that  the  core 
tube  would  stay  flush  with  the  sheave  during  test¬ 
ing.  The  sheave  diameter  around  which  the  core 
tube  was  flexed  was  20  times  the  core  tube  diame¬ 
ter.  This  formula  for  the  sheave  diameter  is  typi¬ 
cal  for  flex  testing  of  finished  cables  and  means  a 
bend  diameter  of  about  50  mm  (2”)  for  a  2.5  mm 
(0.1”)  core  tube.  Such  a  sheave  diameter  will  cre¬ 
ate  a  strain  level  of  5%  at  the  outer  surface  of  the 
core  tube.  This  strain  level  is  within  the  elastic  re¬ 
gion  for  typical  core  tube  materials  and  is  also  a 
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realistic  strain  level  that  the  core  tube  might  en¬ 
counter  during  handling  in  the  field. 


ABC  ABC 


Figure  4 

Figure  4  shows  the  results  of  the  cyclic  flex  testing 
of  sample  types  A,  B  &  C  before  and  after  aging. 
All  samples  types  were  flexed  for  500  cycles. 
Before  aging,  all  three  sample  types  were  cycled  the 
500  cycles  without  splitting,  cracking  or  breaking. 
After  aging,  samples  B  and  C  again  withstood  the 
500  flex  cycles;  sample  type  A  broke  after  an  av¬ 
erage  of  24  cycles.  This  test  simulates  the  simulta¬ 
neous  tensile,  compressive  and  shear  forces  that  the 
core  tubes  will  be  subjected  to  during  the  cable  in¬ 
stallation  and  subsequent  pedestal  or  cable  re-entry 
procedures. 

Kink  Performance  -  Loop  Test 

The  second  test  was  devised  to  evaluate  the  mini¬ 
mum  bend  radius  of  a  core  tube  and  the  point  at 
which  kinking  occurs,  it  -s  necessary  in  any  cable 
installation,  restoration  or  mal-snan  access  that  the 
core  tubes  be  removed  from  the  cable  in  order  to 
access  the  optical  fibers.  This  typically  means 
bending  the  core  tube  at  the  point  of  connection  or 
splicing  to  properly  locate  it  for  long  term  place¬ 
ment.  It  is  important  for  the  core  tube  to  withstand 
relatively  high,  short  term  strains  without  kinking. 
Core  tube  kinking  can  cause  extreme  optical  fiber 
attenuation  increases  and  in  the  worst  case,  can 
cause  the  optical  fibers  to  break.  A  simple  test  was 
devised  in  which  the  core  tube  is  formed  into  a 
loop  and  the  ends  are  pulled  apart  until  kinking  oc¬ 
curs.  The  stress  and  strain  values  at  kinking  can  be 
monitored.  Comparisons  of  these  values  before 
and  after  the  aging  process  can  indicate  how  the 
core  tube  will  perform  over  the  long  term. 


A  0.75  meter  (2.5  ft)  length  of  core  tube  was 
marked  10  cm  (4”)  from  each  end.  The  tube  was 
bent  to  form  a  loop  and  a  metal  ring  was  placed  at 
the  crossover  point  of  the  loop  to  prevent  the  loop 
from  twisting  out  during  testing.  The  tensile  test 
machine  grips  were  set  10  cm  (4”)  apart.  The 
looped  core  tube  was  placed  in  the  grips  such  that 
the  marks  on  each  end  of  the  tube  were  at  the  en¬ 
trance  to  the  grips.  This  configuration  resulted  in  a 
loop  which  did  not  form  a  perfect  circle.  The 
shape  of  the  loop  was  elliptical  on  the  half  nearest 
the  metal  ring  and  grips,  but  the  outer  half  was  ap¬ 
proximately  circular.  The  outer  diameter  of  this 
outside  half  of  the  loop  was  about  80  mm  (3”)  (see 
Figure  5).  The  test  crosshead  speed  was  250 
mm/min.  (10  in/min.)  and  a  plot  of  load  versus 
crosshead  extension  was  recorded  for  each  mea¬ 
surement.  A  typical  test  plot  is  shown  in  Figure  6  . 
Here  it  can  be  seen  that  the  load  increases  with 
crosshead  extension  in  a  linear  fashion  until  a  peak 
is  reached  at  which  point  the  tube  collapses  (or 
kinks)  and  the  load  decreases.  This  peak  in  the  load 
versus  extension  curve  is  defined  as  the  “kinking 
point”.  The  outer  diameter  at  kinking  is  calculated 
based  on  the  assumption  that  all  crosshead  move¬ 
ment  reduces  the  the  diameter  of  the  loop  according 
to  the  formula: 

Loop  O.D.  =  initial  loop  O.D.  -  (  crosshead  dis¬ 
placement  Ik) 

This  assumption  was  found  to  be  accurate  when 
compared  with  direct  measurements. 

This  testing  was  performed  on  unaged  and  aged 
(85°C  /  94  %  relative  humidity  /  30  days  around  a 
100  mm  mandrel)  core  tube  sample  types. 
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Figur#  5 
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The  loop  test  results  for  the  unaged  and  aged  core 
tubes  sample  types  are  shown  in  Figure  7  .  Here  it 
can  be  seen  that  the  core  tubes  typically  kinked  ini¬ 
tially  at  relatively  small  O.D.s  and  then  kinked  after 
aging  at  some  larger  O.D. .  Additionally  some  core 
tube  types  after  aging  would  snap  break  instead  of 
kink.  As  kinking  involves  very  high  localized 
strains,  a  sample  that  exhibits  no  plastic  deforma¬ 
tion  will  break.  Such  a  failure  is  known  as  a  brittle 
instead  of  a  ductile  failure.  The  crosshead  exten¬ 
sion  versus  load  curve  for  a  brittle  core  tube  differs 
from  that  of  a  ductile  tube  in  that  instead  of  a 
curved  peak,  the  load  increases  steadily  until  it 
drops  suddenly  to  zero. 
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Figure  7 


From  the  functional  testing,  sample  types  B  and  C 
(the  composite  core  tubes)  had  better  performance 
characteristics  than  sample  type  A  ( the  single  mate¬ 
rial  tube).  This  performance  difference  was  not 
observable  with  the  uniaxial  tensile  test.  This  indi¬ 
cates  that  such  functional  tests  can  be  valuable  tools 
to  assess  long  term  cable  core  material  perfor¬ 
mance. 


Conclusion 

It  is  logical  to  assume  that  the  best  test  sample  to 
evaluate  long  term  product  performance  is  the 
product  itself.  The  best  aging  conditions  are  those 
which  simulate  the  actual  product  environment  and 
the  best  tests  simulate  the  actual  mechanical  loading 
scenarios  that  the  product  will  be  exposed  to  in  field 
use.  Selection  of  relevant  aging  conditions  and  de¬ 
velopment  of  appropriate  tests  are  critical  to  obtain¬ 
ing  meaningful  long  term  product  performance  in¬ 
formation. 

It  i  ■  the  purpose  of  this  paper  to  demonstrate  that  it 
is  possible  to  develop  and  obtain  meaningful  results 
from  functional  tests  and  that  such  functional  test¬ 
ing  gives  a  more  realistic  indication  of  product 
performance  for  defined  applications  and  environ¬ 
ments. 
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Sample  types  A,  B  and  C  had  outer  diameters  of 
2.5  mm  (0.1”).  Sample  types  B  and  C  kinked  ini¬ 
tially  at  similar  outer  diameters.  Sample  A  kinked 
at  a  larger  outer  diameter.  After  aging,  sample 
type  A  broke  at  a  diameter  twice  that  of  its  original 
kinking  diameter.  The  kinking  diameters  of  sam¬ 
ples  B  and  C  both  increased  but  remained  below  20 
mm  (0.8”). 
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ABSTRACT 

Laboratory  studies  established  that  corroding  galvanized  steel  and 
hydrogen-producing  bacteria  can  generate  enough  hydrogen  to  cause 
appreciable  signal  attenuation  in  optical  fibers.  Simulations  of  these 
two  effects  in  the  laboratory  caused  hydrogen  indicators  to  increase  up 
to  7.2  dB/km. 

The  effect  of  hydrogen-producing  bacteria  can  be  suppressed  by 
sulfate-reducing  bacteria  (SRB)  in  the  absence  or  limited  presence  of 
fermentable  hydrocarbons.  In  the  abundant  presence  of  these 
hydrocarbons  the  optical  fibers  will  attenuate,  and  even  high 
concentrations  of  SRB  can  not  counteract  this  effect.  During  the 
fermentation  process,  acetic  and  butyric  acids  are  produced.  If  these 
acids  lower  the  pH  of  the  environment  below  5,  the  hydrogen  is 
consumed  by  the  formation  of  n-butanol  and  acetone. 

Data  from  fiber  attenuation  experiments  in  H2/N2  gas  mixtures  show 
that  the  attenuation  at  saturation  increases  approximately  linearly  with 
increasing  p(H2)  and  decreases  with  increasing  temperature. 


1.  Introduction 

Hydrogen  diffusion  into  optical  fibers  can  cause  signal  attenuation  in 
optical  fiber  cables.'1'31  Although  signal  attenuation  can  be  related  to 
chemical  reactions  which  involve  -OH  formation  with  F-  and  Gc- 
doping  agents  in  multimode  fibers,  our  interest  is  centered  around  the 
attenuating  effect  of  molecular  hydrogen  in  single-mode  fibers.  The 
effect  is  important  because  single  mode  fiber  cables  are  the  dominant 
technology  in  the  telecommunications  plant. 

Our  main  concern  is  the  attenuation  that  may  take  place  at 
wavelengths  in  the  transmission  window  used  for  communications 
(about  1255  to  1360  nm).  However,  for  investigative  purposes,  the 
absorption  peak  at  1240  nm  is  monitored,  because  this  peak  is  the 
"fingerprint"  of  molecular  hydrogen  in  the  fiber.  Field  and  laboratory 
experiences  indicate  that  the  tail  of  the  1240  nm  peak  can  cause 
significant  signal  attenuation  at  the  shorter  wavelengths  within  this 
window.'4^ 

Experiments  in  H2/N2  gas  mixtures  were  done  in  order  to  compare  the 
hydrogen-caused  attenuation  results  obtained  in  our  laboratory  to 
those  previously  reported  in  the  literature  for  similar  conditions  (1'3), 
and  to  serve  as  a  reference  for  optical  fibers  exposed  to  the  more 
complex  environments  of  our  other  experiments. 

The  work  described  in  this  paper  established  the  signal-attenuating 
effects  of  hydrogen  generated  by  corrosion  and  by  a  species  of 
hydrogen-producing  bacteria.  It  also  showed  the  effect  of  sulfate- 
reducing  bacteria  (SRB)  on  hydrogen  production  by  these  sources. 
Galvanized  steel  armor  wires  corrode,  and  conditions  for  the 
proliferation  of  SRB  and  hydrogen-producing  bacteria  can  exist  at 
water  crossings  where  considerable  attenuation  in  fiber  cables  has  been 
measured. 


2.  Experimental  Method 

This  section  is  divided  into  six  parts:  (1)  equipment  used  to  expose  the 
fibers  to  various  environmental  conditions,  (2)  equipment  used  to 
expose  a  fiber  to  different  H2/N2  gas  mixtures,  (3)  signal  attenuation 
monitoring  equipment,  (4)  test  environments,  (5)  testing  procedure 
and  (6)  hydrogen  analysis. 

2.1  Equipment  and  preparations  for  optical  fiber  exposure  to  test 
environments 

The  test  specimens  were  240  m  long,  0.9  mm  OD,  nylon-jacketed, 
single  mode  fibers.  These  fiber  sections  were  wound  on  40.6  cm  long, 
26.0  cm  OD,  1.6  cm  wall  thickness,  rigid  (unplasticized)  PVC  cylinders. 
The  middle  section,  39.4  cm,  of  the  cylinders  was  machined  to  provide 
1  mm  wide  and  3  mm  deep  helical  grooves.  0.48  cm  diameter  holes 
were  drilled  on  2.5  cm  centers  along  the  circumference  and  the  length 
(Figure  1).  The  fiber  was  wound  three  layers  deep  in  the  grooves  of 
the  cylinder.  After  winding  a  layer  of  the  fiber,  the  fiber  was 
transferred  from  the  outer  (grooved)  surface  to  the  inner  (smooth) 
surface.  Then  it  was  spiraled  to  the  opposite  end  of  the  cylinder  along 
the  inner  wall  and  brought  to  the  outer  surface  for  the  next  layer.  In 
order  to  prevent  small  radius  bends,  the  fiber  was  transferred  between 
the  inner  and  outer  surfaces  of  the  cylinder  in  three  gently  curving 
grooves,  on  the  top  and  bottom  surfaces  of  the  cylinder.  These 
transfer  grooves  were  machined  120°  apart.  The  fiber  was  attached  to 
the  inner  surface  at  three  points:  at  the  middle  and  at  the  two  ends. 
These  attachments  ensured  large  bending  radii  for  the  fiber  on  the 
inner  surface  of  the  cylinder.  The  fiber  was  attached  to  the  inner 
surface  at  three  points:  at  the  middle  and  at  the  two  ends.  The 
attaching  fixtures  were  made  of  2.5  cm  x  0.95  cm  x  0.64  cm  nylon 
pieces  with  a  0.9  mm  wide  and  0.9  mm  deep  groove  along  the  0.95  cm 
width  and  a  threaded  hole  through  the  0.64  cm  dimension,  0.64  cm 
away  from  the  groove  (Figure  1).  Nylon  screws  were  used  to  hold  the 
fiber  in  place  with  these  fixtures. 

The  PVC  cylinders  with  the  fiber  were  placed  in  30  liter  capacity  glass 
cells  that  were  described  in  a  previous  paper.'5)  The  fibers  exiting  the 
rigid  PVC  cell  covers  were  scaled  in  7.6  cm,  9  mm  O.  D.  glass  tubes 
with  epoxy  resin. 

In  two  of  the  cells,  the  PVC  cylinders  were  surrounded  by  40.6  cm 
long,  30  cm  I.D.,  galvanized  steel  cylinders  with  a  wall  thickness  of  0.8 
mm.  In  one  of  the  cells,  the  PVC  cylinder  was  surrounded  by  a  mild 
steel  cylinder  of  similar  size  and  shape,  and  a  helically  wound  zinc 
ribbon  anode  was  installed  in  the  center  of  the  cell,  coiled  around  the 
heater  tube.  The  metal  cylinders  and  zinc  ribbon  anode  had 
conductive  leads  attached  and  the  contact  areas  were  masked  with  a 
bituminous  compound.  The  leads  were  sealed  into  7.6  cm,  9  mm  O. 
D.  glass  tubes  with  epoxy  resin.  The  fourth  test  chamber  contained  no 
metal,  only  the  fiber  wound  on  the  rigid  PVC  cylinder. 
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Figure  1.  Rigid,  grooved,  PVC  cylinder  support  for  240  meters  of 
optical  fiber. 


2.2  Equipment  and  preparation  procedures  for  optical  fiber  exposure 
to  Hj/fy  gas  mixtures 

A  180  m  buffered  optical  fiber  was  exposed  to  different  partial 
pressures  of  hydrogen  at  three  different  temperatures.  The  apparatus, 
shown  in  Figure  2,  and  procedures  used  in  these  measurements  arc 
described  in  the  following  paragraphs. 

A  two-piece  hydrogen/nitrogen  gas  mixture  exposure  vessel  was 
custom  made  of  Pyrcx  and  is  shown  in  Figure  2.  The  vessel  was  30  cm 
in  diameter;  the  bottom  part  of  the  vessel  was  35  cm  high  and  the  top 
part  10  cm  high.  The  bottom  part  was  connected  to  the  top  part  by  a 
flange  joint  with  a  Viton  rubber  gasket,  coated  with  high-vacuum 
stopcock  grease,  placed  between  the  two  halves  of  the  flange  joint. 
This  joint  was  secured  with  four  flange  clamps.  The  bottom  half  of  the 
vessel  was  equipped  with  a  15  cm  diameter,  30  cm  high  inner  cavity  for 
a  resistance  heater  and  with  a  gas  inlet  port  with  a  vacuum  stopcock. 
The  top  part  had  a  gas  exhaust  port  with  a  vacuum  stopcock  and  three 
12/5  ball-joint  ports.  The  exposure  vessel  was  wrapped  in  a  fiberglass 
insulation  blanket  to  minimize  temperature  gradients  within  the  vessel. 


Figure  2.  Apparatus  for  attenuation  experiments  in  HilNi  mixtures. 


The  180  m  optical  fiber  was  wound  on  a  20  cm  diameter,  30  cm  high 
aluminum  bobbin  with  1  cm  thick  waits.  The  bobbin  was  equipped 
with  a  5  cm  deep  thermocouple  well  and  a  5  mm  diameter,  31  cm  high 
fiber-restraining  rod.  The  two  ends  of  the  optical  fiber  were  fed 
through  one  of  the  ball  joint  ports  and  sealed  into  the  upper,  male  part 
of  the  joint  with  epoxy.  A  K-type  (chromel-alumel)  thermocouple  was 
fed  through  another  of  the  ball-joint  ports  in  a  similar  way  and  the 
male  port  was  scaled  with  epoxy. 

Several  different  partial  pressures  of  hydrogen  were  prepared  by 
mixing  99.9%  hydrogen  and  99.985%  nitrogen  with  a  gas 
proportionator.  The  proportionator  was  equipped  with  valves  and 
bali-in-tubc-typc  flowmeters  for  both  gases.  The  concentration  of 
hydrogen  in  the  gas  mixture  was  analyzed  by  gas  chromatography;  gas 
samples  were  taken  from  the  exposure  vessel’s  gas  exhaust  port. 

The  exposure  vessel  was  heated  with  an  832  watt,  2.5  m  by  2.5  cm 
wide,  tape-style  resistance  heater  that  was  wrapped  around  a  14  cm 
diameter,  30  cm  high,  cardboard  cylinder  covered  in  aluminum  foil. 
The  heater  assembly  was  placed  in  the  inner  cavity  of  the  exposure 
vessel.  The  heater  was  connected  to  a  variable  transformer  set  at  25 
V;  the  transformer  was  connected  to  a  temperature  controller  and  the 
thermocouple  probe  was  also  attached  to  the  temperature  controller. 
The  temperature  control  system  was  able  to  maintain  a  constant 
temperature  in  the  exposure  vessel  to  ±  1.5°C. 

23  Signal  attenuation  monitoring  equipment 

The  signal  attenuation  was  monitored  with  equipment  similar  to  that 
described  in  the  Electronic  Industries  Association  Standard  EIA-455- 
78. 

2.4  Test  environments 

The  experiments  were  conducted  in  several  different  environments, 
some  of  them  simulating  the  environment  in  which  the  fiber  cables  are 
found:  (a)  3.5  percent  (by  weight)  NaCl  solution,  (b)  a  culturing 
solution  (Tabic  I)  inoculated  with  sulfate-reducing  bacteria 
(Desulfovibrio  desulfuricans,  ATCC*7757),  (c)  a  culturing  solution 
(Table  II)  inoculated  with  hydrogen-producing  bacteria  (Clostridium 
acctobutylicum,  ATCC*824),  (d)  a  mixture  of  the  hydrogen-producing 
(c)  and  sulfate-reducing  (b)  bacteria  in  their  mixed  culturing  solutions, 
and  (e)  various  mixtures  of  H2  and  N2  gases. 

(a)  The  3.5  percent  NaCl  solution  was  used  to  investigate  whether 
corrosion  of  galvanized  steel  (material  of  the  armor  wire  on 
cables  that  cross  a  body  of  water)  can  generate  enough  hydrogen 
eventually  to  cause  signal  attenuation  in  the  fibers. 

(b)  The  sulfate-reducing  bacteria  (SRB)  medium  was  used  to 
establish  whether  the  increased  rate  of  corrosion*5*  in  this 
medium  will  generate  more  hydrogen  than  in  the  3.5  percent 
NaCl  solution,  and  whether  sulfides  formed  on  the  surface  of 
galvanized  steel  or  mild  steel  can  keep  the  cathodically  generated 
hydrogen  in  the  atomic  state,  thus  facilitating  its  entry  into  the 
fiber. 

(c)  The  hydrogen-producing  bacteria  medium  was  used  to  establish 
the  effect  of  environmentally  generated  hydrogen  with  and 
without  the  presence  of  corroding  metals,  that  is  whether  the 
bactcria-and  corrosion-generated  hydrogen  effects  are  additive. 

The  above  test  environments  were  selected  because:  (a)  optical  fiber 
cables  arc  often  placed  at  salt  water  crossings;  (b)  SRB  are  commonly 
found  in  the  bottom  mud  of  seas,  rivers,  ponds  and  in  soils,  which  arc 
places  where  optical  fiber  cables  have  been  installed;  (c)  hydrogen- 
producing  bacteria  can  be  found  in  some  soils,  human  and  animal 
feces,  sewage  sludges,  and  food  processing  plants.'0,  '• i>  Effluents  from 
these  sources  can  find  their  way  into  the  anaerobic  bottom  muck  of  the 
bodies  of  water  where  optical  fiber  cables  arc  placed.  It  is  less  likely, 
but  not  impossible,  that  these  bacteria  can  be  found  in  the 


•  ATCC  *  American  Type  Culture  Collection 
12301  Parklawn  Dnvc,  Rockville,  MD  20852 
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underground  plant,  c.g.,  due  to  sewer  pipe  failures.  However,  the 
underground  plant  can  be  cleaned  and  aerated,  while  the  water 
crossings  can  not.  We  have  found  both  SRB  and  hydrogen-producing 
bacteria  in  a  mud  sample  collected  at  a  cable  crossing  during  a  field 
investigation.*9* 

TABLE  I 

Composition  of  the  SRB  Test  Medium 


Component  Concentration 

gram/liter 


kh2po4 

0.5 

na2so4 

2.7 

MgS04  ■  7H20 

2.0 

FcS04  •  7H20 

0.15 

nh4  Cl 

1.0 

CaCI2 

0.18 

Sodium  Lactate  (60%  solution) 

4.0  ml// 

The  pH  of  the  solution  is  adjusted  to  7.5  ±  0.3  with  5%  (by  weight) 
NaOH  solution. 

TABLE  II 

Culturing  Solution  for  Clostridium  Acctobutylicum 


5  gram  Bacto-pcptonc 

5  gram  Bacto-tryptonc 

5  gram  Yeast  extract 

10  gram  Glucose 

0.005  gram  Hemin 

0.2  ml  0.5%  solution  of  vitamin  K,  in  95%  ethanol 
20  ml  Salts  solution9* 

1000  ml  Deionized  water 

The  solution  pH  was  adjusted  to  7.3  ±  0.2  and  degassed  with  N2. 

After  transferring  the  culturing  solution  into  the  test  chambers  and 
further  purging  with  N2,  1  milli-molc  of  Na2S  was  added  as  reducing 
agent. 

K- 

Salts  Solution  contains  per  1  liter  of  deionized  water 

0.23  gram  CaCI2  •  2H20 
0.48  gram  MgSC>4  •  7H20 
1.0  gram  K2HP04 

1.0  gram  KH2P04 

10.0  gram  NaHCOj 

2.0  gram  NaCl 

2.5  Testing  procedure 

The  heater  units  in  the  test  chambers  were  adjusted  so  that  the  outer 
surface  temperatures  of  the  liquid  containing  test  chambers  were  32  ± 
2°C.  These  temperatures  were  monitored  throughout  the  experiment. 
Previously,  it  was  established  that  the  solution  temperature  at  the 
location  of  the  fiber  is  about  2.4°C  warmer  than  on  the  outer  surface 
of  the  test  chamber.*5*  Thus,  the  experiments  in  the  liquid 
environments  were  conducted  at  34.4  =  2JC.  In  all  test  environments, 
the  mild  steel  cylinder  (cathode)  that  surrounded  the  fiber  in  one  test 
cell  was  connected  to  the  zinc  ribbon  (anode)  by  a  one  ohm  resistor. 
The  hydrogen  generated  on  the  cathode  surface  is  generally 
proportional  to  the  current  between  the  anode  and  cathode  of  the 
steel-zinc  galvanic  couple.  The  current  produced  by  the  steel-zinc 
couple  was  monitored  by  measuring  the  millivolt  drop  across  the  one 


ohm  resistor.  The  physically  separate,  but  electrically  connected, 
anode  and  cathode  materials  imitate  partially  corroded  armor  wire, 
where  some  zinc  is  left  on  the  surface,  but  some  of  the  underlying  steel 
is  exposed.  In  two  test  cells,  the  fibers  were  surrounded  by  galvanized 
steel  cylinders,  imitating  the  effect  of  galvanized  steel  armor  wire 
where  the  underlying  steel  is  not  exposed.  The  fiber  in  one  test  cell 
was  not  surrounded  by  metal,  imitating  a  cable  without  armor  wire. 

When  the  fibers  were  exposed  to  the  3.5  percent  NaCl  solution,  one  of 
the  test  cells,  where  the  fiber  was  surrounded  with  galvanized  steel, 
was  deaerated  with  N2  for  24  hours  a!  the  start  of  the  experiment;  the 
others  were  not.  For  both  the  SRB  and  the  hydrogen-producing 
bacteria  culturing  solutions,  all  test  chambers  were  purged  with  N2  for 
24  hours  before  inoculation  and  for  6  hours  after  inoculation,  because 
the  bacteria  needed  anaerobic  conditions. 

The  signal  attenuation  was  measured  against  one  or  two  unexposed 
reference  fibers  for  all  the  test  fibers  at  54  different  wavelengths 
between  1,100  and  1,600  nanometers.  A  typical  spectral  attenuation 
plot  is  illustrated  in  Figure  3.  From  these  data  the  hydrogen  indicator, 
Hi^  tnay  be  calculated.  The  hydrogen  indicator  was  defined  by 
Anderson  et  al.*4*  as  signal  attenuation  at  1240  nm,  the  wavelength  of 
an  absorption  peak  characteristic  of  hydrogen-caused  darkening,  less 
that  at  1310  nm. 


loti  (dB) 


wavelength  (nm) 

Figure  3.  Typical  spectral  attenuation  of  optical  fiber  with  (solid  line) 
and  without  (dotted  line)  hydrogen. 

2.6  Hydrogen  analysis 

The  partial  pressures  of  H2  gas  in  the  head  spaces  above  the  liquids 
and  in  the  flowing  gas  phase  in  the  H2/N2  mixtures  were  monitored 
frequently  by  analyzing  samples  for  their  H2  content  by  gas 
chromatography.  A  Gow-Mac  isothermal  580-type  gas  chromatograph 
with  a  2.5  m,  3  mm  diameter  molecular  sieve  5A  column  and  a  thermal 
conductivity  detector  was  used.  The  carrier  gas  was  99.998%  argon 
and  its  flowrate  was  30  cc/min.  The  column,  detector  and  injector 
temperatures  were  set  at  50,  135  and  135°C,  respectively,  and  the 
detector  current  was  40  mA.  The  detector  signal  was  recorded  and 
processed  on  a  Spectra  Physics  integrator. 

The  chromatograph  was  calibrated  with  duplicate  samples  of  0.250  ml 
of  99.9%  hydrogen  and  0.500  ml  of  room  air  (about  21%  oxygen  and 
78%  nitrogen).  Gases  were  sampled  with  a  0.5  ml  gas-tight  syringe 
with  a  valve. 

3.  Results 

The  most  significant  result  of  the  experiments  in  this  study  is  the  signal 
attenuation,  reported  as  Hlrei,  attained  for  the  various  test 
environments  studied.  Another  significant  result  is  the  partial  pressure 
of  hydrogen  [p(H2)J  measured  in  the  test  envi-onments.  In  all  the  test 
environments,  the  attenuation  (hydrogen  indicator)  follows  p(H2).  The 
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results  obtained  in  the  various  test  environments  indicate  the 
contribution  of  corrosion-generated  and  microbiologically-gcneratcd  or 
-consumed  hydrogen  to  ‘.he  signal  attenuation. 

3.1  3 .5  percent  NuCI  solution 

In  the  three  cells  where  the  libers  were  surrounded  by  metallic 
cylinders,  the  levels  of  corrosion-generated  H2,  and,  correspondingly, 
the  hydrogen  indicators,  HWi  of  these  fibers  are  high.  In  Figure  4A 
and  B,  the  attenuation  as  a  function  of  time  at  1240  nm  is  compared  to 
that  of  the  1300  nm  window,  and  1S80  nm  wave  length  for  an  optical 
fiber  surrounded  by  a  galvanized  steel  cylinder. 

The  experiments  were  conducted  under  four  different  conditions. 

A.  The  fiber  was  surrounded  by  a  galvanized  steel  cylinder,  and  the 
NaCl  solution  contained  air.  Figure  5  shows  that  up  to  0.29  atm. 
p(H2)  caused  up  to  4.6  dB/km  H^i. 

B.  The  fiber  was  surrounded  by  a  galvanized  steel  cylinder  and  the 
NaCl  solution  was  deaerated  with  N2.  The  corrosion  of  the 
galvanized  steel  generated  up  to  0.26  atm  p(H2),  and  the 
maximum  Hlnd  was  2.9  dB/km  (Figure  6). 

C.  The  fiber  was  surrounded  by  a  mild  steel  cylinder  that  was 
connected  to  a  helically  wound  zinc  ribbon  through  a  one  ohm 
resistor.  The  galvanic  corrosion  reaction  generated  up  to  0.4 
atm.  p(H2),  and  the  rose  to  3.2  dB/km  (Figure  7). 

D.  In  the  cell  without  metal,  corrosion  did  not  take  place,  thus, 
there  was  no  measurable  H2  in  the  head  space,  and  the 
remained  zero  throughout  the  experiment. 


(<$/km) 


Figure  4.  Change  in  attenuation  at  various  wavelengths  vs.  time  for  an 
optical  fiber  in  3.5%  NaCl  and  galvanized  steel. 


KM  (dB/km)  p0t2)  tetm) 


Figure  5.  Optical  fiber  Hind,  (solid  line)  and  p(//2)  (dotted  line)  vs. 
time  for  a  cell  containing  non-deaerated  3.5%  NaCl  solution 
and  galvanized  steel. 

KM  (dB/km)  p(H2)  (otm) 


Figure  6.  Optical  fiber  H:nd  (solid  line)  and  p(H2)  (dotted  line)  vs. 
time  for  a  cell  containing  deaerated  3.5%  NaCl  solution  and 
galvanized  steel. 


K ind  («/km)  P<H2>  (otm) 


linw  (hr) 


A.  1580, 1270, 1300,  and  1330  nm 

B.  1240, 1580  and  1300  nm 


Figure  7.  Optical  fiber  (solid  line)  and  p(H2)  (dotted  line)  for  a 
cell  containing  non-deacrated  3.5%  NaCl  and  a  zinc/stccl 
galvanic  couple. 
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32  Sulfate-reducing  bacteria  (SRB)  environment 

At  the  start  of  these  experiments,  the  culturing  solution  (Table  1) 
without  SRB  corroded  the  metal  cylinders  and  generated  hydrogen, 
which  caused  signal-attenuation  in  the  fibers,  in  the  various  test  cells, 
described  below,  the  following  changes  were  observed: 

A.  In  one  cell,  the  fiber  was  surrounded  by  a  mild  steel  cylinder  that 
was  connected  to  a  helically  wound  zinc  ribbon  through  a  one  ohm 
resistor.  Here,  besides  Hini  and  p(H2),  the  galvanic  current  (I) 
between  zinc  and  steel  was  also  measured  (Figure  8).  Because  of  the 
corrosiveness  of  the  deaerated,  non-inoculatcd  SRB  culturing 
solution*5),  the  p(H2)  reached  0.3  atm.  in  less  than  500  hours,  and  the 
corresponding  Hloi  had  risen  to  over  3  dB/km.  After  inoculation  with 
SRB,  the  p(H2)  became  too  low  to  measure  in  less  than  100  hours. 
The  corresponding  also  abated  to  negligible  values.  Between 
1150  and  1630  hours  of  exposure,  p(H2)  gradually  increased  to  0.12 
atm.  and  the  corresponding  HinJ.  had  risen  to  1.1  dB/km.  The 
galvanic  current  (I)  first  gradually  decreased,  then  significantly 
increased,  for  a  short  time,  as  a  result  of  SRB  inoculation.  As  the 
SRB  took  control  at  670  hours  of  exposure,  I  increased  for  about  200 
hours,  then  slowly  abated  to  a  low  level.  At  4150  hours,  when  14  liters 
of  the  solution  was  replaced,  the  current  again  showed  a  sudden 
increase,  followed  by  gradual  decrease. 

B.  In  one  cell,  the  fiber  was  surrounded  by  a  galvanized  steel  cylinder 
(Figure  9).  The  limited  corrosion  of  the  galvanized  steel  cylinder  by 
non-inoculatcd  SRB  culturing  solution  generated  only  up  to  p(H2)  = 
0.006  atm.  of  hydrogen,  and  the  corresponding  Hlni  reached  only  0.83 
dB/km.  After  inoculation  with  SRB,  the  p(H2)  and  H)nd  both  became 
negligibly  low.  After  500  hours  of  exposure,  a  limited  amount  of 
hydrogen  was  generated  for  short  time  periods,  producing  relatively 
low  Hini  (0.1-0.2  dB/km).  After  about  900  hours  of  exposure,  only  a 
trace  amount  of  hydrogen  was  found  in  the  head  space,  and  Hind 
became  non-mcasurable. 


Legend 

(1)  SRB  inoculated  into  the  culturing  solution 

(2)  SRB  proliferated,  estimated  bacteria  count  10*  -  10’ /ml 

(3)  Estimated  SRB  count  107  -  10*/ml 

(4)  Estimated  SRB  count  10*  -  lO’/ml 

(5)  Estimated  SRB  count  10s  -  10* /ml 

(6)  Estimated  SRB  count  10*  -  10s /ml 

(7)  Under  Afj  atmosphere,  14  liters  of  the  solution  was  replaced  with  fresh 
SRB  culturing  solution 

Estimated  SRB  count  10*  -  107/inl 


Legend  nmc  (hr) 


(1)  SRB  inoculated  into  the  culturing  solution 

(2)  Estimated  SRB  count  10’ -  1010/ml 

(3)  Estimated  SRB  count  10'°  -  10" /ml 

(4)  Estimated  SRB  count  10*  -  107/ml 

(5)  Estimated  SRB  count  10*  -  107/ml 

(6)  Estimated  SRB  count  10*  -  107/ml 

(7)  Under  N2  atmosphere,  14  liters  of  the  solution  replaced  with  fresh  SRB 
culturing  solution. 


Figure  9.  Optical  fiber  H M  (solid  line)  and  p(H2)  (dolled  line)  vs. 
time  for  a  cell  containing  sulfate-reducing  bacteria  culture 
and  galvanized  steel. 

33  Hydrogen-producing  bacteria  environment 


The  hydrogen-producing  bacteria  (Clostridium  acetobutylicum)  was 
propagated  from  a  freeze-dried  pellet  in  cooked  meat  with  glucose 
medium  (ATCC  593),  that  was  placed  in  an  incubator  at  37±2*C. 
When  the  bacteria  revived,  indicated  by  turbidity  of  the  solution  (gas 
evolution),  the  revitalization  medium  with  the  bacteria  was  transferred 
into  culturing  solutions  (Table  II).  The  hydrogen-producing  bacteria 
_  experiments  were  carried  out  in  test  cells  without  metal  present  and 
|  with  a  galvanized  steel  cylinder  surrounding  the  fiber. 


A.  One  cell  had  no  metal  and  contained  only  fiber  (Figure  10).  The 
formation  of  hydrogen  was  very  fast  after  inoculation  of  the  solution, 


'r 


I  I 
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Legend 
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(1)  Clostridium  acetobutylicum  inoculated  into  the  culturing  solution. 


Figure  8.  Optical  fiber  (solid  line),  p(H2)  (dotted  line)  and  I 
(dashed  line)  vs.  time  for  a  ceil  containing  a  stccl/zinc 
couple  and  sulfate-reducing  bacteria  culture. 


Figure  10.  Optical  fiber  (solid  line)  and  p(H2)  (dolled  line)  for  a 
cell  containing  a  hydrogen-producing  bacteria  culture  with 
no  metal. 
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and  p(H2)  became  0.47  atm,  within  two  days.  The  corresponding  H)„j. 
rose  up  to  3.7  dB/km.  During  the  experiment,  p(H2)  settled  around 
0.42  atm.  and  the  H|»i  around  2.7  dB/km. 

B.  One  cell  had  the  fiber  surrounded  by  a  galvanized  steel  cylinder 
(Figure  11).  The  corrosion  of  galvanized  steel  produced  some 
hydrogen  even  before  inoculation  with  hydrogen  producing  bacteria. 
Within  a  few  days,  p(H2)  reached  0.52  atm.  and  eventually  climbed  up 
to  0.63  atm.  Correspondingly,  the  reached  3.2  dB/km  within  144 
hours  and  at  the  highest  p(Hj)  it  was  4.4  dB/km. 


time  (hr) 

Legend 

(1)  Clostridium  acelobutylicum  inoculated  into  the  culturing  solution 

(2)  Under  N2  atmosphere,  12  liters  of  the  solution  removed  and  replaced 
with  non-inoculatcd  SRB  culturing  solution  +  120  grams  of  glucose 

Figure  11.  Optical  fiber  Hirid  (solid  line)  and  p(H2)  (dotted  line)  vs 
time  for  a  cell  containing  hydrogen  producing  bacteria 
culture  and  galvanized  steel. 


3.4  Mixed  hydrogen-producing  and  sulfate-reducing  bacteria 
environment 

These  experiments  were  carried  out  by  gradual  replacement  of 
inoculated  SRB-culturing  solutions  with  inoculated  hydrogen-producing 
bacteria  cultures  and  vice-versa,  until  alt  cells  contained  50-50  percent 
mixture  of  the  two  bactcria-culturing  solutions. 

A.  In  one  cell,  the  original  solution  contained  only  hydrogen- 
producing  bacteria  and  the  test  cell  did  not  contain  any  metal  (Figure 
12).  The  test  started  with  p(H2)  =  0.42  atm,  and  the  H|„i  was  2.7 
dB/km.  After  1960  hours  of  exposure  time,  12  liters  of  the  hydrogen- 
producing  bacteria  culture  was  replaced  with  non-inoculatcd  SRB 
culturing  solution  and  120  grams  of  glucose.  Inoculation  with  750  cc 
SRB  culture  resulted  in  50  percent  reduction  of  the  p(H2)  and  58 
percent  reduction  of  the  Hind-  Further  replacement  of  7  liters  of  the 
solution  with  SRB  culture  reduced  the  p(H2)  to  between  0.02  and 
0.035  atm  and  the  became  negligible.  The  SRB  suppressed 
hydrogen  production  between  2700  and  3230  hours  of  exposure,  but 
after  3230  hours,  both  p(H2)  and  Hind  started  to  increase.  Adding 
dextrose  to  the  solution  further  increased  hydrogen  production.  The 
p(H2)  went  up  to  0.58  atm.,  and  the  H^a  reached  7.2  dB/km.  At  this 
point,  the  SRB  content  of  the  solution  was  relatively  low 
(103  -  lOVml).  However,  after  these  high  p(H2)  and  H|„i  levels,  in 
spite  of  adding  dextrose  and  SRB  nutrients,  both  of  these  parameters 
went  down  to  non-mcasurably  low  levels.  At  the  end  of  this 
experiment,  the  pH  of  the  solution  was  found  to  be  between  3.5  and 
4.0. 


(1)  Under  W2  atmosphere,  12  liters  of  the  solution  were  removed  and 
replaced  with  SRB  culturing  solution  (without  SRB)  +  120  grams  of 
glucose 


(2)  The  solution  was  inoculated  with  750  ml  of  SRB  culturing  solution  that 
had  an  estimated  SRB  count  of  101  -  10*/ml 

(3)  Under  N2  atmosphere,  K  of  the  solution  (7  liters)  was  taken  out  and 
replaced  with  SRB  culturing  solution  that  had  an  estimated  SRB  count 
of  106  -  lO’/ml 

(4)  Estimated  SRB  count  10s  -  107/ml.  Test  for  hydrogen-producing 
bacteria  was  positive 

(5)  60  grams  of  dextrose  added  to  the  solution 

(6)  200  grams  of  dextrose  added  to  the  solution 

(7)  Estimated  SRB  count  105  -  10* /ml 

(8)  27g  Na2SO,  +  2Bg  MgSO,  III 20  +  16m/  Na-Iactatc  +  50  g  dextrose 
added  to  the  solution. 

Under  N2  atmosphere,  the  solution  was  changed  to  50  percent  SRB  and 
50  percent  hydrogen-producing  bacteria 

(9)  Estimated  SRB  count  0 

Test  for  hydrogen  producing  bacteria  was  positive  and  pH  of  test 
solution  was  3.5-4.0. 


Figure  12.  Optical  fiber  Hinj  (solid  line)  and  p  (H2)  (dotted  line)  vs. 

time  for  a  cell  containing  a  hydrogen-producing  bacteria 
culture  with  no  metal  with  additions  of  sulfate-reducing 
bacteria  culture. 

B.  In  another  cell,  the  fiber  was  surrounded  by  a  galvanized  steel 
cylinder,  and  the  original  solution  contained  only  hydrogen  producing 
bacteria  (Figure  13).  The  low  p(H2)  and  sharp  dip  in  the  H|„j.  curve 
at  1680  hours  of  exposure  coincides  with  the  replacement  of  12  liters  of 
the  hydrogen-producing  bacteria  culture  with  non-inoculatcd  SRB 
culturing  solution.  Inoculation  of  the  test  cell  with  750  cc  of  SRB 
culture  caused  a  temporary  37  percent  reduction  of  p(H2)  that  was 
almost  completely  recovered  in  less  than  340  hours.  The 
corresponding  Hial  gradually  decreased  from  4.2  to  3.6  dB/km. 
Further  replacement  of  7  liters  of  the  solution  with  SRB  culture  caused 
a  drop  in  p(H2)  from  0.5  to  0.05  atm.  The  corresponding  H^ 
changed  from  3.6  to  1.9  dB/km.  Both  p(H2)  and  H|«t  immediately 
started  to  recover  and  at  3200  hours  exposure  time  reached  0.47  atm. 
and  3.3  dB/km,  respectively.  The  SRB  concentration  at  this  point  was 
low  (I02  -  lOVml).  The  change  of  the  culturing  solution  to  50-50 
peiceiit  SRB  and  hydrogen-producing  bacteria  reduced  the  p(H2)  and 
Hind  to  low  levels.  Addition  of  first  60  grams,  then  200  grams  of 
dextrose  raised  the  p(H2)  to  0.52  atm  and  the  Htnd  3.7  dB/km.  These 
p(H2)  and  H|„a  levels  were  maintained  for  the  rest  of  the  experiment. 
Addition  of  SRB  nutrients  increased  the  SRB  population  from  an 
estimated  105  -  lOVml  to  10*  -  lO’/ml.  At  the  end  of  the 
experiment,  the  pH  of  the  solution  was  6.5  -  7.0. 
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D.  In  a  fourth  cell,  the  fiber  was  surrounded  by  a  galvanized  steel 
cylinder,  and  the  original  solution  contained  only  SKB  (Figure  15). 
Replacement  of  7  liters  of  the  solution  with  hydrogen-producing 
bacteria  culture  did  not  produce  hydrogen  evolution  beyond  a  trace 
amount.  The  estimated  SRB  concentration  was  107  -  lOVml. 
Changing  the  solution  to  50-50  percent  SRB  and  hydrogen-producing 
bacteria  cultures  did  not  increase  the  level  of  hydrogen  production. 
First  60  gram,  then  200  gram  additions  of  dextrose,  at  5590  and  5775 
hours  of  exposure,  respectively,  started  to  increase  hydrogen 
production,  and  p(H2)  rose  to  0.32  atm.  The  Hua  increased  to  3.7 
dB/km.  Addition  of  SRB  nutrients  helped  to  increase  their 
concentration  from  105  -  lOVml  to  10®  -  107/ml.  At  the  end  of  the 
experiment,  the  solution  pH  was  between  7.0  and  7.5. 

At  the  end  of  the  experiments,  the  solutions  of  SRB  and  hydrogen- 
producing  bacteria  mixtures  were  analyzed  by  gas  chromatography  for 
fermentation  waste  products.  These  test  results,  together  with  the  pH 
data,  arc  listed  in  Table  III. 


Legend 

(1)  The  solution  was  inoculated  with  750  ml  of  SRB  culturing  solution  that 
had  an  estimated  SRB  count  of  107  -  1  O’/ml 

(2)  Under  W2  atmosphere,  %  of  the  solution  (7  liters)  was  taken  out  and 

replaced  with  SRB  culturing  solution  that  had  an  estimated  SRB  count 
oflO7-  10* /ml  | 

(3)  Estimated  SRB  count  10J  -  10* /ml.  Test  for  hydrogen  producing  o' 

bacteria  was  positive  “ 

(4)  Under  atmosphere,  the  solution  was  changed  to  50  percent  SRB  and  - 
50  percent  hydrogen-producing  bacteria 

(5)  60  grams  of  Dextrose  added 

(6)  200  grams  of  Dextrose  added 

(7)  Estimated  SRB  count  10s  -  lO'/nil 

(8)  27g  Na2SO,  +  20g  AfgS04-7//20  +  16  ml  Na-lactatc  +  50g  Dextrose 
added 

(9)  Estimated  SRB  count  10®  -  10*/ml 

Test  for  hydrogen  producing  bacteria  was  positive  and  pH  of  test 
solution  was  6.5-7.0 


Figure  13.  Optical  fiber  Htnd  (solid  line)  and  p(//2)  (dotted  line)  vs. 

time  for  a  cell  containing  hydrogen-producing  bacteria 
culture  and  galvanized  steel  with  additions  of  sulfate- 
reducing  bacteria  culture. 

C.  In  a  third  cell,  the  fiber  was  surrounded  by  a  mild  steel  cylinder 
that  was  connected  to  a  helically  wound  zinc  ribbon  through  a  one 
ohm  resistor.  The  original  solution  contained  only  SRB.  The 
estimated  SRB  concentration  was  10®  -  107/ml  (Figure  14).  Seven 
liters  of  the  solution  were  replaced  with  hydrogen-producing  bacteria 
culture  at  4370  hours  of  exposure,  causing  a  temporary  rise  in  the 
galvanic  current  between  zinc  and  steel  but  leading  to  no  measurable 
hydrogen  production  or  H^.  Addition  of  first  60  grams,  then  200 
grams  of  dextrose  to  the  solution  at  5395  and  5570  hours,  respectively, 
made  p(H2)  rise  from  trace  amount  to  0.80  atm,  and  the 
corresponding  Hjna  increased  from  non-mcasurablc  to  5.5  dB/km. 
The  galvanic  cell  current  also  increased  20  times  in  magnitude  before 
the  addition  of  hydrogen-producing  bacteria.  During  the  steep  p(H2) 
and  Hina,  increase,  the  approximate  SRB  count  was  very  high 
(109  -  10'°/ml).  Addition  of  SRB  nutrients  at  5760  hours  did  not  stop 
the  increase  of  hydrogen  evolution.  Changing  the  solution  to  50-50 
percent  SRB  ami  hydrogen-producing  bacteria  cultures  at  5760  hours 
gave  a  boost  to  the  hydrogen  production  and  helped  to  increase  the 
Hind..  With  the  drastic  increase  of  p(H2)  and  I,  the  steel  cylinder 
turned  light  gray  and  about  90  percent  of  the  black  deposit  was 
removed  from  its  surface.  As  the  galvanic  current  passed  its  peak,  the 
steel  cylinder  became  gradually  darker  shades  of  grey.  The  estimated 
SRB  count  toward  the  end  of  the  experiment  was  10s  -  107/ml.  The 
pH  of  the  solution  was  between  6.0  and  6.5. 


Legend 

(1)  Estimated  SRB  count  106  -  107/ml 

(2)  Under  iV2  atmosphere,  It  of  the  solution  (7  liters)  was  taken  out  and 
replaced  with  inoculated  Clostridium  acctobutylicum  culturing  solution 

(3)  Estimated  SRB  count  107  -  10*/m! 

Test  for  hydrogen  producing  bacteria  was  positive 

(4)  60  grams  of  Dextrose  added  to  the  culturing  solution 

(5)  200  grams  of  Dextrose  added  to  the  culturing  solution 

(6)  Black  deposit  removed  from  the  surface  of  the  steel  cylinder 

(7)  Estimated  SRB  count  109  -  10lt>/ml 

(8)  Under  iV2  atmosphere,  the  solution  was  changed  to  50  percent  SRB  and 
50  percent  hydrogen-producing  bacteria 

27g  Mi  ;S04  +  20g  MgSO,  VI10  +  16  ml  Na-lactate  +  50g  Dextrose 
added  to  the  culturing  solution 

(9)  Estimated  SRB  count  10®  -  107/ml 

Test  for  hydrogen  producing  bacteria  was  positive  and  pH  of  test 
solution  was  6  0-6.5 


Figure  14.  Optical  fiber  Htni  (solid  line)  /> (// 2 )  (dotted  line)  and  1 
(dashed  line)  vs.  time  for  a  cell  containing  a  otcel/zinc 
couple  and  sulfate-reducing  bacteria  culture  with  additions 
of  hydrogett-pioducing  bacteria  cuiturc. 

3 S  H2/N2  gas  mixtures 

Figure  16  shows  the  H|*i  as  a  function  of  hydrogen  exposure  time  at  1 
atm.  H2  and  21°C.  Hind  follows  an  exponential  decay,  as  described  in 
the  literature  (1"5),  and  has  a  relaxation  time,  t,  of  about  200  hrs.  Our 
values  for  saturation  Hw  and  r  agree  well  with  previously  published 
work 
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7.0  dB/(km  atm)  for  21,  31,  and  41°C,  respectively.  The  relaxation 
time  for  decreases  with  increasing  temperature,  as  expected. 
Again,  these  results  agree  well  with  previously  published  work<l_3). 


Figure  17  shows  the  saturation  H!n4  vs.  p(H2)  at  three  different 
temperatures,  21,  31,  and  41°C.  The  saturation  Hlnd  increases 
approximately  linearly  with  increasing  p(H2)  and  decreases  with 
increasing  temperature.  The  slopes  of  the  three  lines  arc  9.0,  7.8  and 

TABLE  III 

Results  of  the  Dcctrosc  Fermentation  Waste  Products  Analysis 


Waste 

product  component  (percent) 

Metal  in 
test  cell 

Original 

solution 

Additive 

solution 
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Acetone 

n-Butanol 

Acetic  acid 

Butyric  acid 
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acid 

Solution 
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Hydrogen- 
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12 
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0.081 

0.0G5 
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Hydrogen- 
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13 

— 
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0.125 
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SRB 
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14 

0.051 

0.037 

0.109 

0.116 
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Legend 

(1)  Estimated  SRB  count  107  -  lO’/ml 

(2)  Under  N2  atmosphere,  W  of  the  solution  (7  liters)  was  taken  out  and 
replaced  with  inoculated  Clostridium  acctobutyhcum  solution 

(3)  Estimated  SRB  count,  10*  -  lO'/ml 

Test  for  hydrogen  producing  bacteria  was  positive 

(4)  Under  N 2  atmosphere  the  solution  was  changed  to  50  percent  SRB  and 
50  percent  hydrogen-producing  bacteria 

(5)  60  grams  of  Dextrose  added  to  the  solution 

(6)  200  grams  of  Dextrose  added  to  the  solution 

(7)  Estimated  SRB  count  105  -  10"'/ ml 

(8)  27g  NatSO,  +  20g  MgSOt-lll 20  +  16ml  Na-lactatc  +  50g  Dcxirosc 
added  to  the  solution 


(9)  Estimated  SRB  count  10*  -  107/ml 

Test  for  hydrogen  producing  bacteria  was  positive  and  pH  of  test 
solution  was  7.0-7.5 


Figure  IS.  Optical  fiber  Hini  (solid  line)  and  p{H2)  (dotted  lino)  vs. 

time  for  a  cell  containing  sulfate-reducing  bacteria  culture 
and  galvanized  steel  with  additions  of  hydrogen-producing 
bacteria  culture. 


Figure  16.  Optical  fiber  H,„d  vs.  time  for  1  atm  H2  at  21°C. 


Kind  (<CAm) 


Figure  17.  Saturation  Hind  vs.  p(//2)  for  H2/N2  gas  mixtures  at  21’C, 
31°C,  and  41°C 
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4.  Discussion  or  the  Results 

4.1  Contribution  by  the  corrosion  process 

The  experiments  conducted  in  3.5  percent  NaCI  solution  (Figures  .5,  6, 
7)  and  in  non-inoculatcd  SRB  culturing  solutions  (Figures  8,  9),  show 
that  hydrogen,  generated  at  the  cathode  of  a  corrosion  cell,  can  enter 
the  fiber  and  cause  signal  attenuation.  The  Hlni  changes  with  p(H2). 
At  the  time  the  experiments  in  3.5  percent  NaCI  solution  were 
conducted,  it  was  necessary  to  take  duplicate  gas  samples  from  the 
head  space  of  atl  the  four  cells  in  125  ml  glass  containers  equipped 
with  two  stopcocks  at  their  two  ends.  These  containers  were  then  sent 
from  Morristown  to  Navesink  (about  60  miles)  for  analysis  by  gas 
chromatography.  During  the  elapsed  time  of  5-7  hours  between 
sampling  and  analysis,  an  appreciable  amount  of  hydrogen  was  lost 
from  the  gas  sample  containers  by  diffusion.  This  fact  renders  the 
p(H2)  data  from  the  3.5  percent  NaCI  solution  tests  quantitatively 
unreliable.  Therefore,  the  Hinj.  data  from  these  tests  arc  compared  to 
those  obtained  with  H2/N2  gas  mixtures  to  obtain  the  approximate 
p(H2).  This  comparison  indicates  that  the  hydrogen  indices  of  4.6 
dB/km,  3.0  dB/km,  and  2.9  dB/km  correspond  with  hydrogen  partial 
pressures  of  0.6  atm.,  0.4  atm.,  and  0.4  atm.,  respectively.  For  the 
ensuing  experiments  with  bacteria  culturing  media,  the  test  cells  were 
equipped  with  gas  sampling  ports  (glass-tube  -  vacuum  stopcock  - 
teflon  septum),  and  a  gas  chromatograph  was  installed  in  the 
laboratory.  This  arrangement  allowed  us  to  analyze  the  hydrogen  gas 
content  of  the  head  space  within  a  few  seconds  after  sampling. 

42  Sulfate-reducing  bacteria  envlronmei  . 

Sulfate-reducing  bacteria  consumed  the  corrosion-generated  hydrogen 
in  less  tha-  100  hours  to  a  non-mcasurablc  level.  This  observation 
supports  the  theory  that  SRB  increases  the  rate  of  corrosion  by 
consuming  the  cathodic  hydrogen,  thereby  depolarizing  the 
cathode.!10- 131  The  sudden  increase  of  the  galvanic  current  between 
steel  and  zinc  after  inoculation  also  supports  the  cathodic 
depolarization  theory  (Figure  8). 

The  gradual  increase  of  p(H2)  to  0.12  atm.  and  the  accompanying 
augmentation  of  Hini  to  1.1  dB/km  between  1150  and  1630  hours  can 
be  explained  by  a  temporary  take  over  of  hydrogen-producing  SRB 
(Figure  8).<14)  A  further  support  of  this  statement  is  that  the  galvanic 
current  decreased  during  the  same  time  period;  thus,  the  increased 
hydrogen  could  not  be  generated  by  corrosion.  The  SRB  arc  primarily 
hydrogen-consuming  bacteria;  this  characteristic  is  illustrated  by  the 
gradual  abatement  between  1630  and  2400  hours  of  both  p(H2)  and 
Hinj.  values  to  trace  and  non-mcasurablc  levels,  respectively.  Again, 
the  re-establishment  of  the  depolarization  effect  by  the  SRB  was 
accompanied  by  an  increase  of  the  galvanic  current.  The  general 
tendency  of  gradual  decrease  of  the  galvanic  current  was  most  likely 
caused  by  the  build-up  of  corrosion  products  on  the  anode  surface  and 
the  thickening  of  the  sulfide  film  formed  on  the  cathode.  The  sudden 
increase  of  galvanic  currents  at  4150  hours  was  most  likely  caused  by 
the  physical  action  of  solution  removal  and  addition  (Figure  8). 

The  corrosion  of  galvanized  steel  (Figure  9),  in  non-inoculatcd  SRB 
culturing  solution  generated  far  less  hydrogen  ^p(II2)  =  0.006  atm. J 
than  the  zinc-steel  galvanic  couple  (Figure  8).  Correspondingly,  the 
highest  H|„d.  =  085  dB/km  was  also  low.  It  seems  that  after  the 
hydrogen  was  consumed  by  the  SRB  (330  hours  exposure),  the 
hydrogen  formation  reoccurrcd  at  low  levels  for  short  times  (p(H2) 
between  0.0004  and  0.002  atm.)  with  accompanying  small  increases  of 
signal  attenuation  (Hind  between  0.09  and  0.2  dB/km).  These 
anomalies  were  probably  caused  by  temporary  take-over  of  hydrogen- 
producing  SRB.<14) 

4J  Hydrogen-producing  bacteria  environment 

The  hydrogen  formation  in  the  Clostridium  acctobutylicum  culturing 
solution  was  caused  by  the  bacterial  fermentation  of  glucose  and  docs 
not  require  the  presence  of  metal  for  this  process.  The  hydrogen 
formation  is  fast  both  in  the  presence  and  absence  of  corroding  metal. 
Comparing  Figures  10  and  11  indicates  that,  although  the 


electrochemical  and  microbiological  contributions  to  hydrogen 
formation  arc  additive,  the  microbiological  contribution  is  more 
substantial.  It  is  possible  that  the  abundant  amount  of  hydrogen 
produced  by  the  bacteria  represses  the  electrochemical  hydrogen 
formation  H+  +  c"  -  H.  The  strong  loss  and  fast  recovery  of  p(H2) 
and  the  accompanying  dip  of  Hlni  in  Figure  11  were  caused  by  partial 
solution  replacement  under  N2  pressure. 

4.4  Mixed  sulfate-reducing  and  hydrogen-producing  bacterin 
environment 

The  studies  in  mixed  sulfate-reducing  and  hydrogen-producing  bacteria 
environments  were  approached  front  two  different  directions:  (A) 
hydrogen-producing  bacteria  environment  inoculated  gradually  with 
SRB,  and  (B)  SRB  environment  inoculated  gradually  with  hydrogen- 
producing  bacteria. 

(A)  In  the  cell  without  corroding  metal  (Figure  12),  inoculation  with 
750  cc  SRB  caused  appreciable  reduction  of  p(H2)  and  Hini,  and 
further  inoculation  with  7  liters  of  SRB  reduced  both  of  these 
parameters  to  trace  levels.  Both  of  the  above  inoculations  took  place 
under  N2  atmosphere,  and  the  more  or  less  instantaneous  drops  of 
p(H2)  were  most  likely  caused  by  physical  removal  of  hydrogen.  The 
hydrogen  consumption  by  SRB,  estimated  SRB  count  of  10°  -  107/ml, 
kept  the  p(H2)  at  the  levels  created  by  the  N2  pressure.  As  the  sharp 
drop  and  recovery  at  1980  hours  indicate,  physical  removal  of  H2  alone 
allows  fast  recovery  of  p(H2).  It  is  important  to  note  that  the 
hydrogen-producing  bacteria  were  able  to  overcome  the  hydrogen- 
consuming  effect  of  a  relatively  high  concentration  of  SRB.  Addition 
of  dextrose  provided  the  fermentable  hydrocarbons  needed  to  reach 
high  levels  of  p(H2)  and  Hu.  The  steep  decline  of  the  H^  and 
p(H2)  started  at  a  relatively  low  SRB  concentration  (103  -  lOVml). 
Despite  adding  SRB  nutrients  and  glucose,  p(H2),  Hind  and  the  SRB 
concentration  went  down  to  non-mcasurably  low  levels  and  zero, 
respectively.  The  sudden  decrease  of  both  p(H2)  and  Hlol  after 
reaching  their  highest  peak  is  attributed  to  the  decrease  of  the  pH. 
The  solution  became  acidic  because  the  dextrose  fermentation  process 
produces  acetic  and  butyric  acids.  Below  pH  5,  these  acids  are  no 
longer  produced;  however,  n-butanol  and  acetone  arc  formed  with  a 
net  consumption  of  hydrogen.  This  result  is  in  agreement  with  the 
findings  of  Ford  and  Mitchell.  <6>  Our  results  also  show  that  the  SRB 
can  not  live  in  such  acidic  environment.  The  high  concentration  of 
butyric  acid  and  moderate  concentration  of  acetic  acid  arc  most  likely 
responsible  for  the  high  acidity  (Table  III).  The  combined  high  level 
of  reduced  components,  acetone  and  n-butanol,  is  responsible  for  the 
total  consumption  of  hydrogen  (Figure  12). 

In  the  cell  where  the  galvanized  steel  cylinder  surrounded  the  fiber 
(Figure  13),  inoculation  with  750  cc  SRB  culture  caused  little  change  in 
the  Hlrel  The  sudden  drop  in  p(H2)  can  be  attributed  to  the 
application  of  N2  pressure,  and  the  presence  of  SRB  slowed  down  the 
partial  p(H2)  recovery.  Further  inoculations  first  with  7  liters  of  SRB 
solution,  then  by  a  change  to  a  50-50  percent  mixture  of  SRB  and 
hydrogen-producing  bacteria  cultures,  had  more  appreciable  effects. 
At  both  times,  the  p(H2)  dropped  suddenly  because  of  the  N2 
pressure,  and  the  HlnA  also  decreased  appreciably.  The  slow  recovery 
of  p(H2)  and  Hind  arc  attributed  to  the  presence  of  SRB.  The  final 
p(H2)  and  Hllyi  recovery,  that  started  at  3700  hours  exposure  time,  was 
aided  by  the  addition  of  dextrose.  It  seems  that  the  biological 
hydrogen  formation  is  primarily  dependent  on  the  quantity  of  available 
fermentable  hydrocarbons.  This  statement  is  supported  by  the  fact 
that,  although  addition  of  SRB  nutrients  increased  the  estimated  SRB 
count  from  10'  -  106/ml  to  10*  -  lO’/nil,  the  added  dextrose 
maintained  the  p(H2)  and  H1JXl  at  high  levels  to  the  end  of  the 
experiment  The  solution  pH  of  6  5  -  7.0  at  the  end  of  the  experiment 
assured  the  survival  of  SRB.  The  finding  of  iso-pentanoic  acid  instead 
of  acetic  and  butyric  acid  is  a  surprise  (Table  III).  The  absence  of 
reduced  components,  acetone  and  n-butanol,  the  production  of  which 
consume  hydrogen,  can  explain  the  consistently  high  level  of  p(H2)  at 
the  end  of  the  experiment  (Fig.  13). 
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(B)  Figure  14  indicates  that  in  the  cell  where  the  fiber  is  surrounded 
with  a  steel  cylinder,  connected  to  a  zinc  ribbon,  and  the  solution 
contained  only  SRB,  inoculation  with  7  liters  of  hydrogen-producing 
bacteria  did  not  generate  a  measurable  quantity  of  hydrogen.  The 
small  increase  of  I  at  4390  hours  of  exposure  is  probably  caused  by 
disturbing  the  black  deposit  on  the  steel  cylinder  with  the  exchange  of 
the  7  liter  of  solution.  The  p(H2)  and  Hlnd  started  to  increase  only 
after  the  addition  of  dextrose  to  the  solution,  illustrating  that  the 
biological  hydrogen  formation  depends  on  the  availability  of 
fermentable  hydrocarbons,  even  in  the  presence  of  highly  concentrated 
SRB  (107  -  lO’/ml  to  109  -  1010/ml).  The  hydrogen  evolution 
became  so  intense  that  it  removed  approximately  90  percent  of  the 
black  deposit  from  the  steel  cylinder.  The  clean  steel  cathode  allowed 
the  galvanic  current  (I)  to  increase  about  20  times,  and,  in  turn, 
contributed  to  the  hydrogen  production.  The  p(H2)  and  Hml  values 
continued  to  increase  even  after  the  addition  of  SRB  nutrients.  This 
process  was  also  most  likely  helped  by  changing  the  solution  to  a  50-50 
percent  mixture  of  SRB  and  hydrogen-producing  bacteria  cultures. 
Toward  the  end  of  the  experiment,  the  p(H,)  and  HinJ.  settled  at  high 
values.  This  is  most  likely  due  to  the  bacterial  contribution  to 
hydrogen  formation,  because  1  continuously  decreased  after  about  5900 
hours  of  exposure  time,  thereby  decreasing  the  electrochemical 
contribution  of  H2.  At  the  end  of  the  solution,  pH  was  slightly  acidic 
(6.0  -  6.5),  and  the  SRB  concentration  remained  quite  high 
(106  -  107/ml).  The  moderate  levels  of  acetic  and  butyric  acids  can 
explain  the  slightly  acidic  nature  of  this  solution  (Table  III).  The 
moderate  concentration  of  the  reduction  products,  acetone  and  n- 
butanol,  that  arc  formed  by  hydrogen  consumption,  arc  probably 
responsible  for  the  moderate  dip  in  p(Hj)  after  5900  hours  of  exposure 
(Figure  14). 

In  the  cell  where  the  fiber  was  surrounded  by  galvanized  steel  and  the 
solution  contained  only  SRB  (Figure  15),  inoculation  with  7  liters  of 
hydrogen-producing  bacteria  solution  did  not  start  hydrogen  formation. 
The  estimated  SRB  count  was  high  (108  -  109/ml).  Changing  the 
solution  to  a  50-50  percent  mixture  of  SRB  and  hydrogen-producing 
bacteria  cultures  did  not  cause  any  changes  either.  The  p(H2)  and 
Hjnd  started  to  increase  rapidly  after  adding  dextrose  to  the  solution. 
This  observation  further  underlines  the  statement  that  the  biological 
hydrogen  production  is  dependent  on  the  available  fermentable 
hydrocarbon.  The  addition  of  SRB  nutrient  helped  to  increase  the 
SRB  count  from  an  estimated  105  -  106/ml  to  106  -  107/ml  but  did 
not  initiate  any  effective  hydrogen  consumption.  At  the  end  of  the 
experiment,  the  solution  pH  was  between  7.0  and  7.5.  This  condition 
helps  to  maintain  the  high  concentration  of  SRB.  The  very  low  level  of 
acetic  acid  is  most  likely  responsible  for  the  neutral  pH  (Table  III). 
The  moderate  to  small  degree  of  acetone  and  n-butanol  formation 
(that  consumes  hydrogen)  is  the  probable  cause  of  the  dip  in  p(H2) 
towards  the  end  of  the  experiment  (Figure  15). 

5.  Summary 

Laboratory  studies  of  the  signal-attenuating  effect  of  hydrogen  in 
optical  fibers  indicate  the  following: 

(a)  Corrosion  of  galvanized  steel,  the  material  of  armor  wires,  can 
generate  enough  hydrogen  to  cause  appreciable  attenuation  in  optical 
fibers.  This  effect  can  take  place  only  where  the  galvanized  steel  is 
exposed  to  the  corrosive  environment. 

(b)  Sulfate-reducing  bacteria  (SRB),  if  present  in  the  environment  as 
the  only  microbiological  species,  can  consume  the  corrosion-generated 
hydrogen  and  eliminate  the  signal  attenuation  in  the  fiber.  The  SRB 
are  sessile  bacteria,  they  deposit  on  solid  surfaces,  and  they  are  most 
effective  at  the  surface  where  the  corrosion-generated  hydrogen 
evoives. 

(c)  Hydrogen-producing  bacteria  are  spore-forming  and  generate 
hydrogen  from  fermentable  hydrocarbons  (in  this  experiment  from 
dextrose).  The  hydrogen-producing  process  can  take  place  both  at  a 


solid  surface  and  in  the  bulk  of  the  solution.  Hydrogen  produced  by 
such  bacteria  can  attenuate  the  signal  in  optical  fibers  both  in  the 
presence  and  absence  of  a  corroding  metal.  In  the  presence  of  a 
corroding  metal,  the  hydrogen  production  from  the  two  sources  is 
additive. 

(d)  In  mixed  SRB  and  hydrogen-producing  bacteria  culturing 
solutions,  the  hydrogen-producing  process  is  dependent  on  the 
availability  of  fermentable  hydrocarbons.  In  the  absence  or  limited 
presence  of  such  a  hydrogen  source,  the  fibers  did  not  attenuate.  In 
the  abundant  presence  of  fermentable  hydrocarbons,  a  high  degree  of 
signal  attenuation  occurs  even  where  the  SRB  count  is  very  high. 

(c)  The  waste  products  of  the  fermentation  process  by  the  hydrogen- 
producing  bacteria  used  in  these  experiments  arc  acetic  and  butyric 
acids  When  these  acids  lower  the  solution  pH  below  5.0,  n-butanol 
and  acetone  formation  (reduction  processes)  consume  the  hydrogen, 
and  the  fibers  don’t  attenuate.  In  such  an  acidic  environment  the  SRB 
do  not  survive.  In  one  of  the  cells,  the  waste  product  was  iso- 
pcntanoic  acid  (Figure  13). 

(1)  Fiber  attenuation  experiments  in  H2/N2  gas  mixtures  show  that  the 
H,mi  follows  an  exponential  decay  and  has  a  relaxation  time  of  200  hrs 
at  21°C  and  1  atm  as  was  previously  shown0*3'.  The  saturation  Hinl 
increases  with  increasing  p(H2)  and  decreases  with  increasing 
temperature.  The  relaxation  time  for  Hlni  decreases  with  increasing 
temperature. 

6.  Conclusions 

Based  on  the  results  of  these  experiments  and  the  presence  of 
hydrogen-producing  bacteria  found  at  one  water  crossing  by  a  fiber 
cable,  the  authors  conclude  that  in  time  many  of  the  currently  used 
cables  at  water  crossings,  constructed  with  an  overlapped  metal  shield 
and  jute-and-tar-covercd  galvanized  steel  armor  wires,  will  be 
attenuated  by  hydrogen.  The  cause  of  the  attenuation  will  be  H2 
produced  by  corrosion,  bacteria,  or  both. 

Acknowledgments 

We  thank  Messrs.  W.  T.  Anderson,  and  R.  M.  Kanen  for  providing, 
installing,  and  explaining,  the  attenuation  measuring  equipment,  Mr.  E. 
Thomas  for  splicing  optical  fibers,  Mrs.  Irene  Plitz  for  the  initial 
hydrogen  analyses,  and  Mr.  D.  M.  Heffernan  for  designing,  assembling, 
and  installing  (he  heater  monitoring  devices. 


References 

(1)  S.  R.  Nagel,  "Reliability  Issues  in  Optical  Fibers,"  in 
Reliability  Considerations  in  Fiber  Optic  Applications,  D.  K. 
Paul  cd.,  Proc.  SPIE  717,  8  (1987). 

(2)  B.  Wiltshire  and  M.  H.  Reeve,  J.  Lightwave  Technology.,  6 
(2),  179  (1988). 

(3)  J.  Stone,  Lightwave  Technology,  LT-5  (5),  712  (1987). 

(4)  W.  T.  Anderson,  A.  J.  Johnson,  J.  P.  Kilmer,  and  R.  M. 
Kanen,  "Hydrogen  Gas  Effects  on  Installed  Submarine 
Single-Mode  Fiber  Cables",  Proc.  37th  Int.  Wire  and  Cable 
Symp.,  Nov.  1988. 

(5)  G.  Schick,  "Corrosion  in  the  Presence  of  Sulfate-Reducing 
Bacteria",  Paper  #121  Corrosion/90,  April  23-27, 1990,  Bally’s 
Hotel,  Las  Vegas,  Nevada 

(6)  T.  E.  Ford  and  R.  Mitchell,  "Hydrogen  Embrittlement:  A 
Microbiological  Perspective"  Preprint  of  Paper  #189 
presented  at  CORROSION/89  April  17-21,  1989  in  New 
Orleans,  LA. 


International  Wire  &  Cable  Symposium  Proceedings  1990  253 


(7)  1  V.  Holdcman,  E.  P.  Calo,  and  W.  E.  C.  Moore,  "Anaerobe 
Labi  ratory  Manual"  Fourlh  Edition,  Virginia  Polytechnic 
institute  and  Stale  University,  Anaerobe  Laboratory, 
Blacksburg,  VA,  24060,  November  1977. 

(8)  American  Type  Culture  Collection  (ATCC),  "Catalogue  of 
Bacteria  and  Bacteriophages",  17th  edition,  1989,  Editors:  R. 
Gherna  and  P.  Pienta,  ATCC,  12301  Parklawn  Drive, 
Rockville,  MD,  20852. 

(9)  G.  Schick  and  K.  A.  Tellefscn,  Unpublished  results. 

(10)  C.  A.  H.  Von  Wolzogen  Kiihr  and  L.  S.  Van  der  Vlugt,  "The 
Graphitization  of  Cast  Iron  as  an  Elcctrobiochemical  Process 
in  Anaerobic  Soils".  Water  (The  Hague),  Vol.  18,  No.  16, 
1934. 

(11)  J.  Horvath,  and  M.  Solti,  "Bcitrag  Zum  Mechanisms  dcs 
Anacrobcn  Mikrobiologischcn  (Corrosion  der  Mctallc  in 
Boden",  Werkstoffc  und  Korosion,  Vol.  10,  No.  624,  1959. 

(12)  A.  K.  Tiller  and  G.  H.  Booth,  "Polarization  Studies  of  Mild 
Steel  in  Cultures  of  Sulfate-Reducing  Bacteria,  Part  2: 
Thermophilic  Organisms",  Tians.  Faraday  Soc.  Vol.  58,  No.  1, 
1962. 

(13)  G.  H.  Booth  and  A.  K.  Tiller,  "Polarization  Studies  of  Mild 
Steel  in  Cultures  of  Sulfate-Reducing  Bacteria.  Part  3: 
Halophilic  Organisms",  Trans.  Faraday  Soc.  Vol.  58,  No.  2, 
1962. 

(14)  I.  P.  Pankhania.  "Hydrogen  Metabolism  in  Sullate-Rcducing 
Bacteria  and  its  Role  in  Anaerobic  Corrosion"  Biofouling, 
Vol.  1,  pp  27-47,  1988. 


AUTHORS 


I  \ 

'  -  -• 

I 

i  :: 

V. 


George  Schick  was  born  in  Budapest,  Hungary,  in  1929.  He  received  a 
Dipl.  Eng.  degree  in  Electrochemistry  and  Electrometallurgy  from  the 
Ecolc  Nationalc  Supcricurc  d’EIcctrochimic  et  d’EIcctromctallurgic  de 
Grenoble,  France  in  1958,  the  MS  degree  in  Metallurgy  from 
Massachusetts  Institute  of  Technology  in  1961,  and  the  Ph.D.  in 
Metallurgy  and  Materials  Science  from  New  York  University  in  1972. 
He  worked  at  Bell  Telephone  Laboratories  from  1961  to  1983  in  the 
area  cf  corrosion.  In  1984  he  joined  Bell  Communications  Research 
where  he  is  working  on  corrosion  control  and  on  the  effects  of  the 
environment  on  optical  fibers.  Dr.  Schick  is  a  member  of  the  National 
Association  of  Corrosion  Engineers  and  the  American  Society  for 
Testing  and  Materials. 


Karen  A.  Tellefsen  was  born  in  Hackensack,  NJ,  in  1955.  She  received 
the  B.S.  degree  in  Chemistry  from  Stevens  Institute  of  Technology  in 
1977  and  the  Ph.D.  degree  in  Physical  Chemistry  from  the  University 
of  Ottawa,  Ontario  in  1988.  She  worked  for  Energetics  Science,  Inc. 
between  completing  her  B.S.  degree  and  beginning  her  Ph.D.  program, 
where  she  work  d  on  the  development  of  an  electrochemical  hydrazine 
vapor  detector.  She  joined  Bell  Communications  Research  in  1988, 
where  she  is  working  on  corrosion  control  and  on  the  effects  of  the 
environment  on  optical  fibers. 


Aaron  J.  Johnson  was  born  in  Washington,  DC,  in  1958.  He  received 
the  B.S.  degree  in  Electrical  Engineering  and  Economics  from 
Carncgic-Mcllon  University  in  1980  and  the  M.S.  degree  in  Electrical 
Engineering  from  Georgia  Institute  of  Technology  in  1981.  He  worked 
for  IIT  Research  Institute  from  1982  to  1984,  where  he  was  engaged  in 
electromagnetic  compatibility  analysis.  Since  1984,  he  has  been  with 
Bell  Communications  Research  where  he  has  been  developing  novel 
optical  fiber  measurements  and  writing  generic  requirements  for 
optica!  fibers  and  optical  fiber  cables.  Mr.  Johnson  is  a  member  of 
the  Optical  Society  of  America. 


Casey  J.  Wicczorch  is  a  member  of  (he  Optical  Cable  Group  in 
Bellcore,  Morristown,  NJ.  He  joined  Western  Electric  in  1967  and 
worked  on  various  cable  designs  and  manufacturing  processes.  He  is 
currently  responsible  for  the  development  of  generic  requirements  and 
test  procedures  for  optical  cables.  He  holds  a  B.S.  degree  in 
Mechanical  Engineering  from  Fairlcigh  Dickinson  University  and  did 
graduate  work  at  Stevens  Institute  of  Technology. 


254  International  Wire  &  Cable  Symposium  Proceedings  1990 


CONDITIONS  AND  MECHANISMS  FOR  THE  FORMATION 
OF  DAMAGING  HYDROGEN  IN  FIBER  OPTIC  CABLE 


Gardner  Haynes  and  Robert  Baboian 


Texas  Instruments  Incorporated 
Attleboro,  MA  02703 


This  paper  addresses  the  conditions  for  and 
mechanisms  of  hydrogen  production  in  fiber  optic 
cable.  Previous  publications  have  demonstrated 
that  damage  to  optical  fibers  in  telephone  cable 
can  occur  due  to  reaction  with  hydrogen. In 
order  to  design  cable  systems  that  are  not 
subjected  to  damaging  hydrogen,  it  is  important  to 
understand  the  mechanisms  and  conditions  under 
which  hydrogen  is  formed.  In  cables,  one  of  the 
most  important  hydrogen  producing  reactions  can 
occur  during  the  corrosion  process  of  the  metallic 
shield.  This  work  was  conducted  to  determine  what 
conditions  are  required  for  metallic  shielding 
materials  to  cause  damaging  hydrogen  to  be  formed. 

The  results  show  that  zinc  and  magnesium  are 
highly  susceptible  to  corrosion  and  the 
accompanying  hydrogen  production  reactions 
dominate  during  that  process.  The  hydrogen 
producing  reaction  on  corroding  steel  depends  on 
the  nature  of  the  environment.  Increasing 
acidity,  such  as  acid  rain,  causes  increasing 
corrosion  and  hydrogen  production  on  steel.  The 
corrosion  of  copper  and  stainless  steels  is 
generally  accompanied  by  the  oxygen  reduction 
reaction  in  these  environments. 


The  results  of  this  study  show  what  conditions  are 
required  for  damaging  hydrogen  to  be  produced  in 
the  presence  of  metallic  shielding  in  fiber  optic 
cable.  The  knowledge  of  mechanisms  of  hydrogen 
formation  and  conditions  for  that  formation  are 
important  for  designing  cables  to  avoid  this  type 
of  damage.  The  techniques  used  in  this  study  can 
be  utilized  to  evaluate  new  materials  or  other 
environments  for  their  tendency  to  produce  the 
hydrogen  reaction. 


Introduction: 


gas 

1-4 


Previous  work  ha3  demonstrated  that  hydrogen 
increases  attenuation  of  optical  fibers. 

While  factors  such  as  cable  depth,  type  of  jacket, 
damage  to  the  jacket,  diffusion  of  hydrogen  out  of 
the  cable  and  exposure  time  have  been  shown  to 
influence  the  degree  of  damage,  there  has  been 
general  consensus  that  the  damaging  hydrogen  is 
produced  by  corrosion  of  galvanized  steel  armour 
wires.  Hardwick,  et.  al.,  have  proposed  the  use 
of  stainless  steel  armour  wiro3  to  eliminate  the 
source  of  hydrogen. 3 


In  designs  incorporating  metallic  tapes  as 
armours,  corrosion  of  this  shield  can  result  in 
the  production  of  hydrogen.  Extensive  literature 
has  been  published  on  the  corrosion  of  cable 
shielding  tapes  for  telecommunications  cable.  ^-8 
The  relationship  between  corrosion  of  the  shields 
and  the  production  of  hydrogen  was  not  evaluated 
in  these  studies. 


Metallic  corrosion  (anodic  reactions)  is 
accompanied  by  cathodic  reactions  such  as  hydrogen 
ion  reduction,  oxygen  reduction,  ..nd  reduction  of 
metal  ions.  It  is  the  hydrogen  ion  reduction 
reaction  which  produces  damaging  hydrogen  in  fiber 
optic  cables.  Therefore,  if  this  reaction  can  be 
avoided,  damaging  hydrogen  will  not  be  available 
for  reaction  with  the  optical  fibers. 

Electrochemical  techniques  have  been  used  to 
determine  what  conditions  are  required  for 
hydrogen  ion  reduction.  The  study  includes  the 
effect  oC  metal  and  alloy  type  and  the 
environment.  Polarization  curves  have  been 
measured  for  various  metals  and  alloys  including 
zinc,  aluminum,  steel,  copper,  nickel,  and 
stainless  steels.  Environments  were  chosen  to 
simulate  the  soil  environment  electrolyte 
including  groundwater  contamination  from  road 
deicing  salts  and  acid  rain. 

Theory: 

Corrosion  of  metals  can  be  treated  by  application 
of  the  mixed  potential  theory  first  described  by 
Wagner  and  Traud.^  The  theory  is  based  on  two 
simple  hypotheses.  First,  any  electrochemical 
reaction  can  be  divided  into  two  or  more  oxidation 
or  reduction  reactions,  and  second,  there  can  be 
no  net  acciimulation  of  electrical  charge  during  an 
electrochemical  reaction.  That  tho  various 
partial  reactions  can  be  treated  separately,  as 
stated  in  the  first  hypothesis,  can  be 
demonstrated  experimentally.  The  second 
hypothesis  is  only  satisfied  when  the  total  rate 
of  oxidation  (corrosion)  equals  the  total  rate  of 
reduction. 


The  anodic  (oxidation)  reaction  occurs  when 
electrons  are  removed  from  an  area  on  the  metal 
surface  and  positively  charged  ions  go  into 
solution.  It  can  be  represented  by  the  equation: 
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(1)  M - >  M+  +  e" 

The  electrons  flow  to  other  areas  on  the  metal 
surface  where  they  are  consumed  by  the  cathodic 
reaction.  There  are  several  different  cathodic 
(reduction)  reactions  which  occur.  The  most 
common  ones  are: 

(2)  2H+  +  2e“  — >  H2 
(Hydrogen  Evolution) 

(3)  02  +  4H++  4e"  - >  2H20 

(Oxygen  reduction:  acidic  solutions) 

(4)  02  +  2H20  +  4e“  - >  40H" 

(Oxygen  reduction:  neutral  solutions) 

(5)  M+n  +  e“  —  >  M+  <n_1) 

(Metal  ion  reduction) 

A  combination  of  these  reactions  can  occur 
providing  that  the  net  total  reduction  rate  equals 
the  net  total  oxidation  rate.  A  number  of  factors 
including  solution  composition,  pH,  aeration, 
diffusion,  and  catalytic  properties  of  the  metal 
surface  determine  which  reactions  predominate. 

Electrochemical  techniques  are  most  commonly  used 
to  study  these  reactions. ^  Use  of  the  mixed 
potential  theory  is  demonstrated  by  the  activation 
polarization  curves  for  a  reversible  electrode  in 
Figure  1.  When  an  electrochemical  reaction  is 
forced  away  from  equilibrium,  it  is  tensed 
polarization  and  one  reaction  (either  oxidation  or 
reduction)  proceeds  faster  than  the  other.  The 
potential  change  due  to  polarization  is  Tf  , 
defined  as  overvoltage  and  the  current  applied  to 
polarize  the  potential  away  from  equilibrium  is 
the  net  rate  of  reaction.  The  expression  relating 
reaction  rate  and  overvoltage  for  activation 
polarization  is: 

(6)  7]  -  +P  log  i/l0 

Equation  6  is  called  the  Tafel  equation  where  i0 
is  the  exchange  current  density  and  Q  is  the 
Tafel  constant  (or  Tafel  slope).  This 'equation  is 
valid  when  the  applied  current  is  a  linear 

function  of  overvoltage  on  a  logarithmic  scale 
such  that  i  is  a  measure  of  the  oxidation  (for 
example,  corrosion)  or  reduction  (for  example, 
hydrogen  reduction)  current. 

The  Tafel  equation  is  valid  when  reactions  are 

under  activation  control.  In  many  cases, 

diffusion  control  plays  an  important  part  in  the 
system,  i.e.  the  rate  of  reaction  is  limited  by 
diffusion.  Polarization  curves  demonstrating  both 
activation  and  diffusion  control  are  shown  in 
Figure  2. 

In  Figure  2,  the  anodic  polarization  curve  for  the 
corrosion  reaction  (equation  1)  is  characterized 
by  the  Tafel  equation  (equation  0,.  The  corrosion 
rate,  Ic,  is  calculated  by  use  of  the  Tafel 

equation  (i.e.  extrapolating  the  Tafel  region  back 
to  E|,  the  equilibrium  potential). 

The  cathodic  polarization  curve  in  Figure  2  is 
complex  in  that  activation  and  diffusion 
controlled  reactions  occur.  Close  to  the 


equilibrium  potential,  E},  oxygen  reduction  occurs 
(equations  3  or  4)  and  the  current  is  diffusion 
limited  at  id.  At  higher  polarization  potentials, 
hydrogen  reduction  under  activation  control  occurs 
according  to  equation  2,  in  addition  to  oxygen 
reduction.  The  rate  of  hydrogen  reduction,  iy,  is 
calculated  from  the  Tafel  equation  (equation  6) 
i.e.  extrapolation  of  the  Tafel  slope  to  Bj.  The 
total  reduction  rate  is  the  sum  of  %  and  id  and 
this  sum  is  equal  to  the  total  oxidation  rate 
(ic)  at  the  equilibrium  potential,  Ej. 

Experimental  Procedure: 

Potentlodynamlc  Polarization  Measurements 

The  metals  and  alloys  included  in  this  study  are 
listed  in  Table  I.  Disk-shaped  specimens  for 
polarization  measurements  were  punched  from  sheet 
material  in  the  mill-annealed  condition.  The 
specimen  surface  was  polished  with  600-grit 
silicon  carbide  paper,  followed  by  ultrasonic 
cleaning  in  detergent  solution,  and  finally  rinsed 
with  distilled  water.  The  specimen  was  mounted  in 
the  type  of  holder  described  previously  by  Myers 
et.al.  [11].  In  use,  the  specimen  holder  exposed 
1  cm2  of  specimen  to  the  electrolyte.  This  design 
avoids  solution  contamination  and  crevice  effects, 
while  allowing  the  use  of  flat  metal  specimens. 

The  5  neck  2  liter  polarization  cell  for  this 
study  was  similar  to  the  one  described  in  ASTM 
Designation  G5-87.12  The  5  necks  allowed 
introduction  of  the  specimen  holder,  a  salt  bridge 
for  the  SCE  reference  electrode,  a  platinum 
counter  electrode,  a  thermometer,  and  a  gas 
purging  frit.  For  oxygenated  measurements,  air 
was  bubbled  through  the  electrolyte  at  a  rate  of 
150cc/minute  while  argon  was  bubbled  at  the  same 
rate  for  de-aerated  measurements.  Purging  began 
when  the  specimen  was  immersed  one  hour  before 
initiation  of  polarization  and  continued 
throughout  the  experiment.  The  electrolyte  was 
ASTM  (D2570)  corrosive  water  which  contained  ln0 
parts  per  million  of  chloride,  sulfate,  .d 
bicarbonate  ions.  The  effects  of  acid  deposition 
on  soil  water  chemistry  were  simulated  by 
adjusting  the  pH  of  the  corrosive  water  to  values 
of  2,  4,  6,  or  8  with  a  mixture  of  3  parts 
sulfuric  acid  and  1  part  nitric  acid.  Reagent 
grade  chemicals  and  distilled  water  were  used  to 
prepare  all  solutions.  The  temperature  was 
maintained  at  30+  1°C  by  immersion  of  the  cell  in 
a  water  bath. 

Potentiodynamic  polarization  measurements  were 
made  with  a  Princeton  Applied  Research  Model  342 
corrosion  measurement  system.  All  scans  were  made 
at  a  rate  of  0.6  volts  per  hour.  Three  curves 
were  measured  for  each  metal-electrolyte 
combination.  The  first  scan  was  begun  30 
millivolts  positive  to  the  open  circuit  potential 
and  the  specimen  vac  polarized  in  the  active 
direction  to  a  potential  of  -2  volts  versus  the 
saturated  calomel  electrode  (SCE).  The  second 
scan  was  from  a  potential  of  30  millivolts 
negative  to  a  potential  300  millivolts  positive  to 
the  open  circuit  potential.  The  final  scan  was 
started  at  -2  volts  versus  the  SCE  and  continued 
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in  the  anodic  direction  to  a  potential  300 
millivolts  positive  to  the  open  circuit  potential. 
In  addition  to  recording  and  plotting  the  log  of 
the  current  density  versus  the  specimen  potential, 
the  computer  based  instrument  automatically 
calculated  the  anodic  Tafel  constant,  the  cathodic 
Tafel  constant,  the  corrosion  rate  based  on  Tafel 
extrapolation,  the  polarization  resistance  and  the 
corrosion  rate  based  on  the  linear  polarization 
technique  from  each  test. 13 

Constant  Potential  Tests 

Constant  potential  tests  vere  conducted  to  confirm 
the  hydrogen  evolution  data  from  the 
potent iodynamic  polarization  measurements  on  some 
of  the  metals.  The  experimental  apparatus  (Figure 
3)  consisted  of  a  one  liter  beaker  filled  with 
ASTM  corrosive  water  at  various  pH's,  a  luggin 
probe  to  contain  the  SCE  and  minimize  IR  drop,  a 
platinum  clad  niobium  counter  electrode,  and  a  25 
milliliter  glass  jar  which  was  inverted  over  the  S 
shaped  specimen  to  collect  hydrogen.  A  low  cost 
potentiostat*^  was  used  to  control  the  potential 
of  the  20  cm2  specimen  at  various  potentials  and 
the  current  was  monitored  for  72  hours.  If  no 
hydrogen  was  produced  as  indicated  by  the  current 
and  presence  of  gas  in  the  jar,  the  specimen 
potential  was  changed  to  a  value  100  millivolts 
more  cathodic  (negative).  This  procedure  was 
repeated  until  hydrogen  was  collected  above  the 
specimen.  A  mass  spectrometer  was  used  to  confirm 
that  the  gas  collected  was  hydrogen. 

Results  and  Discussion 

The  average  corrosion  potential  after  one  hour  of 
specimen  immersion  (3  runs)  under  aerated  end 
deaerated  conditions  is  listed  in  Table  II. 
Removal  of  oxygen  from  the  electrolyte,  in 
general,  caused  the  corrosion  potential  to  shift 
in  the  active  direction.  This  was  either  due  to 
the  modification  of  a  (passive)  film  on  the  metal 
surface  or  due  to  a  shift  toward  the  hydrogen 
reduction  reaction  since  diffusion  limited 
reduction  of  oxygen  is  substantially  less  under 
deaerated  conditions.  At  pH's  of  A,  6,  and  8,  the 
shift  in  potential  of  tin,  nickel,  aluminum,  430 
stainless  steel,  and  304  stainless  steel  is  due  to 
the  former  while  the  shift  in  potential  for  steel, 
lead,  and  copper  are  due  to  the  latter.  Zinc 
erthibited  mixed  behavior  while  little  change 
occurred  in  the  potential  of  magnesium,  suggesting 
that  hydrogen  reduction  is  the  principal  cathodic 
reaction.  At  a  pH  of  2  steel,  zinc,  magnesium, 
ti-~-,  lead,  and  nickel  had  very  little  change  in 
potential  due  to  the  removal  of  oxygen  indicating 
that  hydrogen  reduction  was  the  more  important 
cathodic  reaction.  Copper,  aluminum,  430 
stainless  steel,  and  304  stainless  steel  had  a 
more  active  potential  when  deaerated  at  a  pH  of  2 
indicating  either  passive  behavior  or  an  increased 
hydrogen  reduction  reaction. 

The  cathodic  potentiodynamic  polarization  curves 
for  copper,  430  stainless  steel,  steel  and 
aluminum  at  a  pH  of  6  in  aerated  solution  are 
shown  in  Figure  4.  The  shapp  of  the  curves  agreed 
with  thu  theoiatical  model  (Figure  2).  Copper, 


430  stainless  steel,  and  steel  had  a  diffusion 
limited  oxygen  reduction  (equation  3  or  4)  current 
density  of  50  jjm/ cm2  and  the  Tafel  slope  for 
hydrogen  reduction  began  at  -1.1  volts  versus  the 
SCE.  The  initial  reduction  reaction  on  copper 
above  -0.4  volts  is  probably  associated  with 
reduction  of  a  surface  film  (equation  5)  formed  at 
open  circuit  conditions.  The  oxygen  reduction 
rate  on  aluminum  was  one  fifth  that  of  the  other 
alloys  although  the  Tafel  slope  began  at  the  same 
potential. 

The  diffusion  limited  current  density  for  oxygen 
reduction  for  all  of  the  alloys  in  this  study  as  a 
function  of  pH  is  listed  in  Table  III.  At  pH's  of 
4,  6,  and  8,  the  current  density  was  the  same  for 
all  alloys  except  aluminum  which  had  a  much  lower 
value  and  magnesium  where  oxygen  reduction  was  not 
observed.  At  a  pH  of  2  steel,  aluminum,  zinc,  and 
magnesium  showed  no  evidence  of  oxygen  reduction 
while  those  alloys  which  normally  form  protective 
(copper,  tin,  and  lead)  or  passive  (nickel,  304 
stainless  steel,  and  430  stainless  steel)  films 
did  have  a  reduction  reaction  other  than  hydrogen 
reduction. 

Since  the  oxygen  reduction  reaction  is  diffusion 
limited,  the  current  density  was  influenced  by  the 
degree  of  aeration.  Thi3  is  demonstrated  in 
Figure  5  for  steel  at  a  pH  of  8.  As  shown,  the 
diffusion  limit  is  50jp(a/cm2  for  the  degree  of 
aeration  in  this  study  while  essentially,  there 
was  no  oxygen  reduction  when  the  solution  was 
deaerated.  The  effect  of  pH  on  oxygen  reduction 
on  steel  is  shown  in  Figure  6.  At  pH's  of  4,  6, 
and  8,  the  limiting  current  density  was  nearly 
identical  while  at  a  pH  of  2  oxygen  reduction  was 
not  observed.  These  trends  were  the  same  for  all 
of  the  alloys  tested. 

The  currort  densities  for  hydrogen  reduction  (Ijj) 
at  the  corrosion  potential  obtained  from 
extrapolation  of  Tafel  slopes  are  listed  in  Table 
IV  for  both  aerated  and  deaerated  solutions  at  all 
pH's.  Since  aeration  (or  deaeration)  alters  the 
corrosion  potential  as  well  as  the  corrosion  rate 
for  most  alloys,  the  values  for  erated  and 
deaerated  conditions  were  different.  Magnesium, 
where  oxygen  reduction  was  minimal,  showed  good 
agreement  at  all  pH's  between  aerated  and 
deaerated  hydrogen  reduction  rates  while  film 
forming  or  passive  alloys  (copper,  430  stainless 
steel,  and  304  stainless  steel)  had  a  large 
variation.  Excluding  copper,  304  stainless  steel, 
and  430  stainless  steel,  the  rate  of  hydrogen 
reduction  was  greatest  at  a  pH  of  2.  There  was 
little  difference  in  the  r'tes  at  pH's  of  4,  6, 
and  8.  Based  on  Tafel  extrapolation,  the  overall 
tendency  for  the  alloys  in  this  study  to  produce 
hydrogen  at  the  corrosion  potential  was: 

Cu<304SS<430SS<Sn<Pb<Nl<Al<St<Zn<Mg 

The  average  corrosion  current  density  (Table  V) 
was  an  important  result  since  the  total  rate  of 
reduction  must  equal  the  corrosion  current 
density.  An  indicator  of  the  relative  importance 
of  the  hydrogen  reaction  can  be  obtained  by 
comparing  the  values  for  aerated  and  deaerated 
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results  for  alloys  which  do  not  form  a  passive 
film.  For  example,  the  average  corrosion  current 
density  for  steel  at  pH's  of  4,  6,  and  8  is 
substantially  higher  when  aerated  indicating  that 
the  oxygen  reduction  reaction  predominates.  At  a 
pH  of  2  aeration  has  little  effect  on  the 
corrosion  current  density  indicating  that  the 
hydrogen  reduction  reaction  is  dominant.  The 
magnitude  of  the  current  density  is  also  important 
since,  assuming  only  hydrogen  reduction,  a  current 
density  of  1  LL  a/cm*  produces  3.5  cm^  of  hydrogen 
per  year.  Copper  produced  no  hydrogen,  since  it 
had  a  comparatively  low  corrosion  current  and 
oxygen  reduction  predominated  under  all 
conditions.  Steel  had  a  comparatively  high 
corrosion  rate,  but  oxygen  reduction  predominated 
at  pH's  of  4,  6,  and  8.  Hydrogen  reduction  was 
the  main  cathodic  reaction  on  steel  at  a  pH  of  2. 
Magnesium  was  the  most  efficient  metal  for 
producing  hydrogen,  since  hydrogen  reduction  was 
significant  under  all  conditions  and  its  current 
density  was  high.  Based  on  corrosion  current 
density  measurements  for  alloys  which  do  not  form 
a  passive  film,  the  overall  tendency  to  produce 
hydrogen  was: 

Cu<<Steel£?b<Zn<<Mg. 

The  relationship  between  the  corrosion  current 
density  and  the  tendency  to  produce  hydrogen  for 
alloys  which  form  a  passive  film  is  more 
complicated.  Generally,  these  alloys  have  a 
limiting  anodic  current  density  on  the  order  of 
1  fJ.  a/cm*,  which  is  necessary  to  maintain  their 
film.  Under  conditions  of  pH  and  aeration  where 
the  film  cannot  be  maintained,  the  corrosion 
current  density  increases  dramatically  and  the 
principal  reduction  reaction  is  hydrogen 
reduction.  Thus,  nickel  and  aluminum  (Table  III) 
at  pH's  of  2  and  4  produced  hydrogen  while  the 
stainless  steels  produced  none  under  all 
conditions.  Based  on  corrosion  current  density 
measurements,  the  relative  tendency  for  passive 
alloys  to  produce  hydrogen  was: 

304SS<430SS<Sn<Al<Ni 

The  results  from  the  constant  potential  tests  in 
which  the  potential  of  the  metals  was  controlled 
in  the  hydrogen  producing  Tafel  slope  are  in  Table 
VI.  In  all  cages,  the  mass  spectrometer  confirmed 
that  the  gas  collected  vas  hydrogen.  Comparison 
of  the  data  at  a  pH  of  6  with  the  polarization 
curves  in  Figure  4  shows  that  the  specimens  vere 
polarized  well  into  the  Tafel  region  before 
hydrogen  wa3  collected.  This  was  also  true  at  all 
of  the  other  pH's.  Diffusion  of  atomic  hydrogen 
into  or  away  from  the  specimen  before  forming 
molecular  hydrogen  may  be  one  reason  for  the  lack 
of  sensitivity  of  this  technique.  Although  the 
technique  was  unable  to  differentiate  the  tendency 
of  the  alloys  to  produce  hydrogen,  it  did  confirm 
that  the  Tafel  slopes  on  the  polarization  curves 
were  the  hydrogen  reduction  reaction.  The  use  of 
longer  periods  between  potential  steps  might 
improve  the  sensitivity  of  the  technique,  but  is 
probably  not  practical. 


Conclusions 

Electrochemical  techniques  can  be  used  to 
determine  the  conditions  necessary  for  hydrogen 
ion  reduction.  Open  circuit  potential  and 
potentiodynamic  polarization  measurements  show  the 
reduction  reactions  which  accompany  metallic 
corrosion.  Extrapolation  of  the  anodic  Tafel 
slope  to  the  corrosion  potential  gives  the 
corrosion  current  and  extrapolation  of  the  Tafel 
slope  for  hydrogen  reduction  to  open  circuit 
conditions  can  be  used  to  determine  the  amount  of 
the  corrosion  current  associated  with  the  hydrogen 
reduction  reaction.  Constant  potential  tests 
coupled  with  mass  spectrometer  analysis  can  be 
used  to  confirm  the  Tafel  slope  for  hydrogen 
reduction. 

The  amount  of  oxygen  and  the  pH  in  the  cable 
environment  affect  corrosion  of  shielding 
materials  as  well  as  the  rate  o£  hydrogen 
production.  The  effects  of  pH  and  aeration  depend 
upon  the  alloy.  Types  430  and  304  stainless 
steels  were  corrosion  resistant  under  all 
conditions  of  pH  and  aeration  and  the  oxygen 
reduction  reaction  predominated.  Although  the 
corrosion  rate  of  copper  increased  slightly  with 
decreasing  pH,  it  was  very  highly  corrosion 
resistant  and  oxygen  reduction  was  the  principal 
cathodic  reaction.  The  rate  of  corrosion  of 
aluminum  increased  with  decreasing  aeration  and  pH 
and  hydrogen  reduction  was  the  main  cathodic 
reaction.  Steel  had  a  comparatively  high 
corrosion  rate,  but  oxygen  reduction  predominated 
at  pH's  of  4,  6,  and  8.  Hydrogen  reduction  was 
the  main  cathodic  reaction  on  steel  at  a  pH  of  2. 
Magnesium  and  zinc  had  the  highest  corrosion  rates 
and  the  largest  rates  of  hydrogen  reduction.  The 
performance  of  other  alloys  was  mixed.  Overall, 
the  relative  amount  of  hydrogen  produced  *  by 
corrosion  of  the  alloys  in  this  study  decreased  in 
the  order: 

Mg>Zn>Steel>Al>Ni>Pb>Sn>430SS>304SS>Cu 

The  impact  of  acid  deposition  on  cable  shielding 
materials  is  significant  since  it  can  produce 
acidic  ranges  where  hydrogen  reduction  can  occur. 
This  is  important  for  metals  like  steel,  aluminum, 
and  nickel  where  the  dominant  cathodic  reaction 
can  change  from  oxygen  reduction  to  hydrogen 
reduction. 

The  techniques  used  in  this  study  can  be  utilized 
to  evaluate  new  materials  or  other  environments 
for  their  tendency  to  produce  the  hydrogen 
reaction.  Although  beyond  the  scope  of  this 
3tudy,  these  techniques  can  also  be  used  to 
determine  galvanic  effects  and  the  resulting 
effect  on  hydrogen  reduction. 10 
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OVERVOLTAGE  V  (VOLTS) 


Figure  1  -  Activation  Folarization  Curves  for 
a  Reversible  Electrode 
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Figure  3  -  Experimental  Apparatus  for  Constant 
Potential  Tests 


LOG  CURRENT  DENSITY 

Figure  2  -  Polarization  Curve  Demonstrating 
Both  Activation  and  Diffusion 
Control 
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POTENTIAL  (VOLTS)  VS  SCE  2  POTENTIAL  (VOLTS)  VS  SCE 
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gure  A  -  Cathodic  Potentiodynamic 

Polarization  Curves  for  Copper,  430 
Stainless  Steel,  Aluminum  and 
Steel  (pH-6,  Aerated) 
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Figure  6  -  Cathodic  Potentiodynamic 

Polarization  Curves  for  Steel 
(Aerated)  Showing  the  Effect  of  pH 
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Figure  5  -  Cathodic  Potentiodynamic 

Polarization  Curves  for  Steel 

(ph-8)  shoving  the  Effect  of 
Aeration 
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Table  I 


List  of  Materials 


Hetal  or  Alloy 

UNS  Number 

Aluminum 

A91100 

Copper 

C38600 

Magnesium 

M10000 

Nickel 

N02200 

Lead 

L50000 

Type  430  Stainless  Steel 

S43000 

Type  304  Stainless  Steel 

S30400 

Carbon  Steel 

G10060 

Zinc 

Z13001 

Table  II 

Average  Potential  in  ASTM  Water 
(Volts  vs.  SCE) 


Alloy  pH 

2  4  6  8 

Aerated  Deaerated  Aerated  Deaerated  Aerated  Deaerated  Aerated  Deaerated 


Steel 

-0.634 

-0.613 

-0.607 

-0.735 

-0.613 

-0.783 

-0.658 

-0.792 

A1 

-0.683 

-0.775 

-0.573 

-0.849 

-0.648 

-1.002 

-0.585 

-0.989 

Cu 

-0.040 

-0.118 

-0.045 

-0.158 

-0.092 

-0.291 

-0.104 

-0.250 

Zn 

-1.048 

-1.051 

-1.016 

-1.116 

-1.045 

-1.180 

-1.096 

-1.197 

Mg 

-1.742 

-1.745 

-1.559 

-1.565 

-1.539 

-1.592 

-1.614 

-1.636 

Sn 

-0.481 

-0.493 

-0.427 

-0.563 

-0.517 

-0.820 

-0.604 

-0.883 

Pb 

-0.513 

-0.550 

-0.514 

-0.607 

-0.551 

-0.728 

-0.536 

-0.635 

430SS 

-0.314 

-0.411 

-0.421 

-0.544 

-0.265 

-0.500 

-0.148 

-0.523 

304SS 

-0.126 

-0.323 

-0.234 

-0.355 

-0.176 

-0.373 

-0.283 

-0.533 

Ni 

-0.257 

-0.289 

-0.196 

-0.475 

-0.259 

-0.494 

-0.258 

-0.452 

Alloy 

Diffusion  Limited 

2 

Table  III 

Current  Density  for  Oxygen  Reduction 
( (l  a/cra2) 

PH 

4  6 

8 

Steel 

0 

50 

50 

50 

A1 

0 

10 

10 

10 

Cu 

5 

50 

50 

50 

Zn 

0 

50 

50 

50 

Mg 

0 

0 

0 

0 

Sn 

5 

50 

50 

50 

Pb 

5 

30 

50 

50 

430SS 

1 

50 

50 

50 

304SS 

2 

50 

50 

50 

Ni 

20 

50 

50 

50 
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Table  IV 


Hydrogen  Reduction  Current  Density  from  Tafel  Extrapolation 
(££a/cra2) 


Alloy  pH 

2  4  6  8 

Aerated  Deaerated  Aerated  Deaerated  Aerated  Deaerated  Aerated  Deaeratod 


Steel 

100 

70 

1 

0.7 

1 

1 

7 

0.8 

A1 

50 

100 

0.5 

3.5 

0.45 

10 

0.2 

1.8 

Cu 

1 

0.001 

0.2 

1 

0.1 

0.4 

0.5 

0.001 

Zn 

400 

250 

9.5 

3.5 

7.5 

4.5 

9.5 

6.5 

Mg 

250 

400 

55 

35 

60 

12 

30 

15 

Sn 

0.3 

0.1 

0.09 

0.005 

0.25 

0.03 

0.35 

1.2 

Pb 

44 

1 

0.9 

0.05 

10 

0.5 

2.5 

0.5 

430SS 

0.02 

5 

0.8 

0.08 

0.3 

0.002 

0.4 

0.01 

304SS 

0.6 

0.1 

0.4 

0.08 

0.4 

0.01 

1 

0.03 

Ni 

10 

20 

1.5 

5 

2.5 

0.01 

2.5 

0.1 

Table  V 

Average  Corrosion  Current  Density 
([J.  a/cm2) 


Alloy 

pH 

2 

4 

6 

8 

Aerated 

Deaerated 

Aerated  Deaerated 

Aerated 

Deaerated 

Aerated 

Deaerated 

Steel 

95 

85 

10.5  3.2 

14.4 

1.2 

28.9 

2.73 

A1 

17.5 

18.4 

2.8  1.05 

0.97 

1.8 

0.98 

2.06 

Cu 

26.3 

0.5 

7.8  1.2 

4.8 

0.21 

2.2 

0.46 

Zn 

120 

202 

17.2  4.3 

17 

3.1 

23.4 

2.1 

Mg 

109 

140 

18.9  16.1 

22.9 

11.5 

17.7 

14.4 

Sn 

98 

135 

0.28  0.7 

0.22 

0.26 

0.67 

0.94 

Pb 

82 

15.5 

9.1  12 

7.9 

1.77 

9.5 

3.4 

430SS 

1.7 

5.4 

1.5  1.8 

0.5 

0.87 

0.19 

0.93 

304SS 

0.67 

2.6 

0.36  0.87 

0.16 

0.35 

0.52 

0.89 

Hi 

24.5 

10.6 

3.6  3.0 

0.58 

0.43 

0.4 

0.17 

Table  VI 

Potential  at  Which  Hydrogen  Was 
Collected  in  Constant  Potential  Tests 
(Volts  vs.  SCE) 


Alloy 

2 

4 

PH 

6 

8 

A1 

-0.65 

-1.30 

-1.30 

-1.30 

Steel 

-0.70 

-1.20 

-1.20 

-1.20 

Cu 

-0.70 

-1.30 

-1.30 

-1.30 
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APPLICATION-SPECIFIC, 
END-OF-LIFE  CONTACT  CURRENT  RATING 
METHODS 

James  H.  Wise,  P.E. 

AMP  Incorporated 


ABSTRACT 

The  rating  of  electrical  contacts  for  current-carrying 
capacity  has  taken  on  increased  importance  as  the 
packaging  density  of  the  interconnection  systems  used  in 
modern  electronic  systems  has  increased.  Even  with 
increased  density  requirements,  there  have  been  additional 
requirements  not  only  to  maintain  the  existing  current- 
carrying  capacity  on  individual  contacts,  but  also  to 
increase  the  capacity  of  the  contact  pairs.  The  combination 
of  higher  density  and  increased  current  levels  creates  an 
environment  hazardous  to  the  ability  of  the  contacts  to 
provide  a  reliable  interconnection  not  only  initially,  but 
also  over  the  life  of  the  product. 

As  the  density  requirements  increase,  the  physical  space 
available  for  electrical  contacts  decreases  even  though  the 
current  levels  to  be  conducted  may  increase  substantially. 
Density  considerations  require  that  the  contact  system  be 
optimized  for  smallest  size.  Any  requirements  to  maintain 
or  increase  the  required  current-carrying  capacity  generate 
additional  design  constraints  to  insure  that  excessive 
temperature  rises  or  other  current-related  phenomena  do 
not  decrease  the  reliability  of  the  contact  system. 
Consequently,  it  is  important  that  the  contact  current 
carrying  rating  assigned  to  the  contact  system  reflect  its 
abilities  not  only  initially,  but  also  at  the  end  of  its  useful 
life  in  the  presence  of  all  manner  of  waveforms. 

A  methodology  will  be  presented  to  determine  a  basic 
contact  current  rating  for  a  specified  set  of 
application-specific  conditions,  to  verify  that  rating  after 
end-of-life  conditioning,  and  then  to  present  it  in  the 
product  specification  in  a  unique  presentation  format.  The 
format  will  be  suitable  for  allowing  an  interconnection 
system  designer  to  determine  the  actual  current  rating  for 
an  individual  contact  pair  in  a  housing  in  a  specific 
application  based  on  bulk  temperature  rise  considerations. 
The  application-specific  conditions  considered  are 
allowable  bulk  temperature  rise,  attached  wire  AWG,  and 
bundling  (contact  loading  density  in  a  given  housing).  The 
methodology  presented  works  effectively  for  well-behaved, 
continuous  waveforms  such  as  sinusoidal  AC  waveforms 
and  DC  currents  that  can  be  accurately  characterized 
solely  through  their  RMS  value. 


The  paper  will  also  extend  the  methodology  into  the 
environment  of  less  well-behaved  waveforms  that 
introduce  additional  considerations  based  on 
supertemperatures  due  to  the  presence  of  high  peak  values 
of  varying  durations.  Severe  duty  cycle  applications,  high 
crest  factor  waveform  applications,  and  applications 
involving  peak  anomalies  such  as  transients  and  temporary 
overloads  will  be  incorporated  into  the  methodology. 

In  summary,  a  novel  methodology  will  be  presented 
whereby  a  contact  pair  is  assigned  a  basic  current-carrying 
capacity  based  on  a  defined  set  of  conditions.  These 
conditions  include  a  single  contact  pair  being  contained  in 
a  specified  housing  and  attached  to  wire  of  a  specified 
AWG.  The  designer  is  then  allowed  to  determine  the  basic 
current  rating  of  the  contact  from  a  current  versus 
temperature  rise  graph  in  the  product  specification  for  the 
bulk  temperature  rise  appropriate  to  the  application.  The 
basic  current  rating  is  then  converted  into  an 
application-specific  current  rating  by  using  a  table  in  the 
product  specification.  A  tabular  approach  allows  the  design 
to  adjust  the  current  rating  to  reflect  the  actual  wire  AWG 
and  bundling  present  in  his  unique  application.  A  final 
adjustment  is  made  through  additional  tables  and 
specification  elements  to  incorporate  the  peak  value 
supertemperature  considerations  into  the  current  rating 
that  the  application-specific  waveforms  present. 


INTRODUCTION 

The  determination  of  the  current  ratings  for  electrical  and 
electronic  contacts  in  specific  applications  has  long  been 
considered  ''lack  magic."  Many  designers  await  the  arrival 
a  Merlin-li.  figure  who  will  sprinkle  magic  dust  over  his 
design,  mumble  a  few  secret  incantations,  and  magically 
allow  his  one  ampere  contact  pair  to  carry  five  amperes 
for  eternity.  While  this  approach  sometimes  works,  truly  a 
magical  event,  the  approach  more  often  results  in  a  witch’s 
caldron  of  fire  and  smoke.  Since  the  supply  of  Merlins  is 
very  limited,  a  better  approach  would  seem  in  order. 

The  rating  of  electrical  contacts  for  current-carrying 
capacity  has  taken  on  increased  importance  as  the  density 
of  the  interconnection  systems  used  in  modern  electronic 
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systems  has  increased.  Along  with  the  increased  density, 
many  applications  require  concomitant  increases  in  the 
current  levels  present  in  the  connectors  used  in  these  same 
interconnection  systems.  The  brutal  combination  of  higher 
densities  and  increased  current  levels  oft  times  taxes  the 
ability  of  the  contacts  to  transfer  power  and  data  signals 
across  the  interconnection  without  excessive  losses  for  the 
life  of  the  product. 

As  interconnection  density  requirements  increase,  it  is  an 
unavoidable  fact  that  the  physical  space  available  for  each 
contact  concurrently  decreases,  re  -dless  of  the  current 
levels  to  be  conducted.  This  creal  i  paradox  in  that  it 
requires  that  the  contact  pairs  be  optimized  for  smallest 
size;  all  the  while  conducting  required  currents  that  are 
generally  rising  in  a  manner  that  does  not  generate 
excessive  temperature  rises  or  other  untoward  behaviors 
that  threaten  the  reliability  of  the  contact  pair. 
Consequently,  it  is  important  that  the  contact  current 
rating  assigned  to  the  contact  system  reflects  its  ability  to 
efficiently  transport  energy  not  only  initially,  but  also  at 
the  end  of  its  useful  life. 

Electrical  contacts  in  general,  and  power  contacts  in 
particular,  need  to  exhibit  low  initial  termination 
resistances  that  are  stable  over  the  life  of  the  product. 
Since  any  contact  being  operated  near  full  capacity  is,  in 
reality,  a  power  contact,  it  is  incumbent  on  interconnection 
systems  designers  to  provide  stable,  low  resistance  current 
paths  for  the  life  of  the  product  for  each  and  every  signal. 
This  requires  a  disciplined  determination  of  the  true 
application-specific  current  rating  for  each  contact  pair. 
This  determination  is  a  joint  effort  of  the  connector 
manufacturer  and  the  interconnection  system  designer. 

The  connector  manufacturer,  through  the  product 
specifications  associated  with  given  connectors,  can  provide 
the  designer  with  data  indicating  the  performance  of  a 
contact  pair  under  a  defined  set  of  test  conditions.  This 
performance  is  typically  indicated  by  a  "Base  Rated 
Current"  curve  that  shows  the  ampacity  of  the  contact  pair 
in  a  specified  housing.  The  product  specification  or 
application  notes  supporting  a  connector  can  be  used  to 
convey  additional  information  to  the  designer  that  will 
allow  this  base  current  to  be  derated  to  a  magnitude  more 
appropriate  of  an  application’s  specific  combination  of 
attached  conductor  size,  local  ambient  temperature 
excursions,  and  housing  loading  densities. 

The  ability  to  scientifically  determine  a  valid  application- 
specific  contact  current  rating  is  dependent  on  accurate 
characterization  of  the  termination  resistance  of  the 
contact  pairs  initially,  when  a  contact  pair  is  first  put  into 
service,  and  also  at  the  end  of  the  design  life  for  the 
contact  pair.  To  be  truly  accurate,  the  contact  pair  should 
have  been  conditioned  to  reflect  the  combinations  of 
environmental  conditions  and  physical  abuses  given  in  the 
product  specification. 


A  methodology  has  been  developed,  and  will  be  presented 
here  whereby  the  principle  failure  mechanisms  of 
electronic  contacts  are  sequentially  exercised  in  a 
standardized  test  sequence.  This  sequence,  although 
initially  developed  for  power  contacts,  is  suitable  for  all 
electronic  contacts.  The  test  sequence  serves  to  accelerate 
the  activation  of  any  potential  performance  degrading 
mechanisms  in  the  contact  pair,  and  to  reflect  the  contact 
pair’s  performance  at  the  end  of  its  design  life. 

Next  a  standardized  graphical  presentation  format,  suitable 
for  inclusion  in  all  product  specifications,  will  be 
presented.  The  format  allows  the  user  to  quickly  determine 
the  true  continuous  current-carrying  capacity  of  a  single 
contact  pair  in  a  housing.  This  capacity,  or  continuous 
current  rating,  is  based  on  the  current  versus  bulk 
temperature  rise  characteristics  and  termination  resistance 
stability  of  the  contact  at  the  end  of  life. 

The  methodology  presented  works  effectively  for 
well-behaved,  continuous  waveforms  such  as  sinusoidal  AC 
waveforms  and  DC  currents  that  can  be  accurately 
characterized  solely  through  their  RMS  value. 
Unfortunately,  electronic  contacts  function  in  a  world 
more  accurately  characterized  by  nice,  well-behaved 
waveforms  that  are  bruised  and  abused  by  transients, 
overloads,  and  Merlins. 

Consequently,  the  methodology  will  reach  into  the 
environment  of  less  well-behaved  waveforms  generally 
viewed  as  non-  sinusoidal  and  periodic.  These  waveforms 
are  typified  by  the  presence  of  high  peak  values  which 
threaten  the  contact  interface.  The  methodology  will 
encompass  peak  anomalies  such  as  transients  and 
temporary  overloads,  high  crest  factor  waveform 
applications,  and  duty  cycle  applications 


CURRENT  RATING  TENETS 

Several  fundamental  tenets  determine  the  final  current 
rating  for  any  electronic  contact  pair.  The  first  tenet  is  that 
every  current  rating  is  application  specific.  Since  the 
number  of  combinations  of  contacts,  housings, 
environments,  and  signal  waveforms  possible  for  an 
application  generates  an  extremely  large  number  of 
permutations,  it  is  impossible  for  a  connector 
manufacturer  to  give  one,  or  even  a  few,  current  ratings 
for  a  contact  pair.  Since  the  designer  controls  these 
combinations,  it  falls  to  the  designer  to  determine  the 
proper  final  current  rating  required  for  his  application. 

The  second  tenet  is  that  the  application-specific  current 
rating  should  be  based  on  end-of-life  performance,  and  not 
on  straight,  out-of-the-box  performance.  By  necessity, 
dense  interconnection  systems,  and  power  distribution 
systems,  run  near  their  maximum  rated  capability.  For 
contact  pairs  rated  solely  on  their  new  performance 
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capabilities,  any  degradation  of  performance  capability 
over  the  life  of  the  product  will  result  in  field  failures. 
Rather  than  incurring  the  cost  penalties  associated  with 
over-specifying  initially,  and  hoping  that  they  do  not 
degrade  substantially,  the  wise  designer  will  use  contact 
pairs  that  are  performance  rated  on  end-of-life 
performance. 

The  last  tenet  of  interest  here  is  that  the  current  rating  is 
very  dependent  on  the  type  of  waveform  being  conducted. 
A  contact  pair  is  rated  d:  cntly  for  DC  waveforms  than 
for  high  crest  factor  or  pc  Jic  waveforms.  As  will  be 
seen  in  this  paper,  the  type  of  waveform  dramatically 
alters  the  final  current  rating  of  a  given  contact  pair  in 
specific  applications. 


END  OF  LIFE  CHARACTERIZATION 

The  key  to  superior  contact  performance  is  to  provide  a 
low-  resistance  path  between  source  and  load,  effectively 
allowing  the  contact  pair  to  be  invisible  to  the  waveforms 
being  conducted.  For  circuits  used  for  power  distribution, 
and  for  circuit  designed  for  minimum  power  consumption, 
the  primary  design  consideration  is  the  minimization  of 
millivolt  drop  (MVD).  Since  MVD  is  the  direct  result  of 
the  contact  resistance,  a  critical  contact  parameter  is  initial 
resistance.  It  is  equally  important  to  maintain  this  low 
resistance  path  throughout  the  life  of  the  product. 
Controlled,  stable  resistance  over  the  lifetime  of  a  product 
is  critical  to  the  maintenance  of  low  MVD  and  low  power 
consumption. 

More  importantly,  stable  resistance  is  a  precursor  of 
reliable  contact  performance.  The  resistance  of  a  contact 
pair  directly  determines  its  response  to  various  applied 
waveforms.  The  combination  of  applied  energy  and 
resistance  generates  heat.  The  response  of  the  contact  pair 
is  temperature  rise,  the  basis  for  establishing  a  contact’s 
current  rating.  An  intimate  relationship  exists  between 
resistance  stability,  temperature  rise,  and  current  rating, 
initially  and  at  end-of-life. 


CURRENT  RATING  METHODOLOGY 

Continuous  Current,  DC  and  Sinusoidal  AC 

In  order  to  effectively  determine  the  application-specific 
contact  current  rating  for  a  contact  pair  in  a  given 
application,  the  methodology  requires  the  identification  of 
two  fundamental  characteristics  of  the  waveform  to  be 
conducted,  regardless  of  its  complexity.  The  first  essential 
element  involves  characterizing  the  waveform  present  in  a 
given  application  in  terms  of  the  RMS  value  of  the 
continuous  or  periodic  component  of  the  waveform.  A 
direct  correlation  between  this  RMS  value  and  the  bulk 
temperature  rise  of  the  contact  system  can  then  be  made. 
The  information  contained  in  the  product  specification  will 


then  allow  the  designer  to  modify  the  basic  contact  current 
rating  into  an  application-  specific  current  rating  to  suit  his 
particular  application.  Graphs  and  tables  contained  in  the 
product  specification  will  be  used  to  change  the  basic 
current  rating  to  reflect  the  combination  of  allowable 
temperature  rise,  wire  AWG,  and  bundling  present  in  the 
application. 

The  second  essential  element  involves  characterizing  the 
waveform  in  terms  of  the  ~°ak  values  present,  weir 
duration,  and  their  frequency.  A  direct  correlation  can 
then  be  established  between  these  peak  values  and  the 
supertemperature  rise  of  the  contact  pair.  The  paper  will 
discuss  the  additional  considerations  necessary  to 
incorporate  the  effects  of  this  supertemperature  rise  into 
determining  the  application-specific  current-carrying 
capacity  of  the  contact  pair. 

Once  a  contact  pair  has  been  designed  to  carry  a  specified 
current  at  a  given  bulk  temperature  use,  it  is  subjected  to 
a  current  rating  verification  testing  program.  The  program 
is  intended  to  condition  the  contacts  to  an  "end  of  life" 
state  with  respect  to  durability,  normal  force  and 
corrosion.  In  effect,  the  contact  pair  has  been  subjected  to 
a  worst  case  scenario  based  on  the  combinations  of 
physical  and  environmental  abuse  allowed  by  the  product 
specification.  The  contact  pair  is  monitored  during 
verification  testing  for  the  initial  and  final  values  of 
current  versus  temperature  rise,  resistance  and  millivolt 
drop.  The  allowed  change  in  contact  resistance  after 
conditioning  is  based  on  supertemperature  rise.  The  final 
current  rating  is  then  determined  by  evaluation  of  the 
temperature  rise  characteristics  of  the  contact  pair  after 
the  end-of-life  conditioning  is  completed. 

T'  2  verification  test  has  as  its  goal  the  verification  of 
i  ntact  stability  under  specified  test  conditions  simulating 
a  pre-determined  operating  environment.  The  procedure 
used  in  the  verification  testing  has  been  standardized  in 
AMP  Test  Specification  109-151.  The  sequence  of  tests 
used  to  exercise  the  major  failure  mechanisms  of  contact 
pairs,  and  condition  the  contact  to  the  pre-determined 
end-of-life  equivalency  is  shown  in  Figure  1. 

The  test  sequence  has  been  designed  to  verify  that  the 
contact  pair  is  stable  and  that  its  resistance  to  current  flow 
remains  within  acceptable  limits  for  the  operating  life  of 
the  product.  The  objective  of  this  testing  is  to  verify  the 
current-carrying  capacity  of  the  contact  pair  as  a  function 
of  operating  temperature  for  the  stated  life  of  the  contact 
pair.  The  procedure  sequentially  introduces  wear, 
corrosion,  stress  relaxation  and  mechanical  disturbance 
into  the  contact  system.  Measurements  of  the  performance 
characteristics  of  the  contact  system  are  taken  before  and 
after  this  conditioning  sequence.  Depending  on  the 
intended  application  for  a  contact  pair,  this  sequence  may 
be  altered  and/or  additional  tests,  such  as  thermal  shock, 
temperature  cycling  and  current  cycling  included.  It  is  also 
important  to  emphasize  that  end-of-life  conditions  are 
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simulated  using  accelerated  aging  techniques  which  have 
been  successfully  correlated  (that  is,  shown  to  be 
equivalent)  with  real-time  aging  effects. 


(  Start  V- 
^ - ^ 

-► 

Examination 
of  Product 

► 

Dry  Circuit 
Resistance 

- 

- 

Temperature 
Rise  &  MVD 
vs.  Current 

► 

Durability 

- 

Humidity 
(tin  systems) 

- 

r- 

Industrial  Mixed 
Flowing  Gases 
(gold  and  silver 
systems) 

► 

Temperature 

Life 

- 

Vibration 

- N. 

Dry  Circuit 
Resistance 

► 

Temperature 
Rlse&  MVD 
vs.  Current 

— 

►/  End  j 

Figure  1.  EOL  Simulation  Test  Sequence 


Once  the  contact  pair  has  been  conditioned  to  reflect 
end-of-  life  performance,  the  final  readings  from  the 
temperature  rise  and  MVD  versus  current  measurements 
are  used  to  construct  a  base  current  rating  curve  or 
current  carrying  capability  curve.  An  example  of  this  curve 
is  shown  in  Figure  2  for  the  Ampliwidget  Connector. 


Figure  2.  Ampliwidget  Connector  Current-Rating 
Curve 


Inclusion  of  curves  such  as  this  in  the  product  specification 
allow  the  designer  to  determine  directly  the  base  current 
rating  for  a  given  contact  pair  at  end-of-life  in  his 
application.  The  ultimate  goal  for  this  verification  test 
program  and  presentation  format  is  to  allow  the  full  use  of 
the  area  under  the  curve,  called  the  Safe  Operating  Area 
(SOA). 

Each  curve  will  be  supplied  with  a  definition  of  the 
specified  conditions  under  which  it  was  produced.  The 
standard  conditions  used  will  be  a  single  contact  in  a 
housing  terminated  on  an  appropriate,  stated  wire  gauge. 
The  designer  is  now  free  to  determine  a  base  current 
rating  for  the  given  contact  based  on  the  temperature 
conditions  present  in  the  application.  For  example,  a 
designer  may  determine  that  his  application  is  constrained 
by  a  maximum  20  degree  centigrade  temperature  rise 
requirement.  Examination  of  Figure  2  reveals  that  the 
Ampliwidget  Connector  could  carry  as  much  as  180 
amperes  as  long  as  the  maximum  localized  ambient 
temperature  (that  is,  the  contact  bulk  temperature)  did  not 
exceed  105  degrees  centigrade. 

The  designer  is  free  to  choose  any  combination  of 
temperature  rise,  maximum  bulk  temperature  and 
continuous  current  that  result  in  an  interaction  in  the  Safe 
Operating  Area.  For  example,  if  the  maximum  localized 
ambient  temperature  were  95  degrees  centigrade,  and  the 
application  specifications  allowed  a  contact  temperature 
rise  of  30  degrees  centigrade,  a  base  continuous  current  of 
227  amperes  could  be  allowed. 

In  addition  to  determining  the  end-of-life  continuous 
current  rating  for  the  contact  pair  based  on  bulk 
temperature  rise  considerations,  the  designer  must  also  be 
able  to  vary  one  or  two  other  principle  determinants  of 
final  current  rating-  the  number  of  contacts,  or  density  of 
the  contact  pattern,  in  the  connector,  and  the  size  of  the 
attached  conductors.  The  standard  conditions  used  to 
generate  Figure  2  were  a  single  contact  in  a  six  position 
housing  with  18  AWG  wire  terminated  to  the  contact  pair. 

Although  the  designer  may  use  the  contact  pair  at  the  base 
current  rating  determined  from  Figure  2,  he  may  find  it 
necessary  to  change  the  conductors  he  will  use  in  his 
application.  The  Base  Current  Modifier  Chart  shown  in 
Figure  3,  is  provided  for  this  purpose.  For  example,  if  the 
contact  pair  were  configured  using  22  AWG  conductors 
rather  than  18  AWG  conductors,  the  previously 
determined  base  current  rating  should  be  reduced  by  25%. 
Additionally,  if  the  designer  added  two  more  contacts  to 
the  housing  for  his  unique  application,  the  base  current 
would  have  to  be  reduced  further.  He  would  now  have  to 
reduce  the  original  base  rated  current  by  50%  for  this 
application. 

The  conversion  of  the  connector  manufacturer’s  base 
current  curve  into  an  application-specific  continuous  rating 
can  be  determined  by  the  designer  directly  from  the 
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product  specification  through  the  use  of  Figure  3. 
Referring  to  the  Figure,  we  find  the  intersection  of  the 
column  representing  the  conductor  AWG  used  in  his 
application,  and  the  row  representing  the  number  of 
contacts  placed  in  the  housing.  The  number  located  at  the 
intersection  of  this  row  and  column  is  called  the  Base 
Current  Modifier  factor,  F.  The  application-specific 
continuous  current  rating  for  the  given  contact  pair  is  then 
determined  relationship  shown  in  Equation  (1). 

/=/fl*F  (1) 

where 

I  =  Continuous  Current  Rating  (Amperes) 

IB  =  Base  Rated  Current  (Amperes,  RMS) 

F  =  Base  Current  Modifier 


Wire  Gauge 


Figure  3.  Ampliwidget  Base  Current  Modifier  Chart 


Non-Sinusoidal  Waveforms 

The  methodology  just  detailed,  although  conservative, 
works  very  effectively  for  well-behaved,  continuous 
waveforms  such  as  sinusoidal  AC  waveforms  and  DC 
currents.  Fundamentally,  the  effectiveness  of  the 
methodology  to  this  point  is  based  on  the  fact  that  these 
waveforms  can  be  accurately  characterized  with  respect  to 
their  contact  heating  characteristics  solely  through  their 
RMS  value.  Lacking  any  unusual  or  excessive  peak  values 
that  would  create  untoward  supertemperature  rises,  these 
waveforms  exhibit  very  stable  heating  characteristics.  This 
stability  is  the  basis  of  the  aforementioned  contact  current 
rating  methodology. 

Since  the  majority  of  applications  subject  contact  pairs  to 
one  or  more  other  types  of  waveforms,  we  must  extend  the 
methodology  into  the  environment  of  less  well-behaved 
non-  sinusoidal  waveforms  that  are  typified  by  the 


presence  of  high  peak  values.  The  waveforms  to  be 
addressed  will  be  divided  into  classifications  involving 
single  peak  anomalies  such  as  transients,  temporary 
overloads,  high  crest  factor  waveform  applications,  and 
duty  cycle  applications. 

The  resulting  contact  current  rating  methodology  involves 
identifying  two  fundamental  characteristics  of  the 
waveform  to  be  conducted,  regardless  of  its  complexity. 
The  first  essential  element  involves  characterizing  the 
waveform  in  terms  of  the  RMS  value  of  the  continuous  or 
periodic  component  of  the  waveform.  A  direct  correlation 
between  this  RMS  value  and  the  bulk  temperature  rise  of 
the  contact  system  can  then  be  made  to  determine  the 
continuous  current  portion  of  the  final  current  rating. 

The  second  essential  element  involves  characterizing  the 
waveform  in  terms  of  the  peak  values  present,  their 
duration,  and  their  frequency.  A  direct  correlation  can 
then  be  established  between  these  peak  values  and  the 
supertemperature  rise  of  the  contact  system.  This  action 
will  allow  us  to  extend  the  earlier  methodology  to 
incorporate  the  effects  of  this  supertemperature  rise  into 
the  rating  of  the  contact’s  current-carrying  capacity  initially 
and  at  end-of-  life. 

Once  the  impact  of  a  waveform  on  the  bulk  temperature 
rise  and  on  the  supertemperature  rise  has  been 
determined,  the  final  contact  current  rating  for  a  given 
contact  in  a  given  application  can  be  readily  assessed. 
Before  assessing  these  impacts,  it  is  necessary  to 
understand  the.  temperature  related  contact  failure 
mechanisms  that  determine  these  same  impacts. 


TEMPERATURE  RELATED  FAILURE  MECHANISMS 

The  determination  of  the  appropriate  current  rating  for  an 
electrical  contact  revolves  around  isolating  the  current- 
related  failure  mechanisms  present  in  an  application.  The 
principle  effect,  of  interest  here,  of  electrical  current 
passing  through  a  contact  here  is  the  internal  generation  of 
heat  in  the  contact  through  Joule  Heating.  Depending  on 
the  amount  of  heat  generated,  one  of  several  failure 
mechanisms  can  be  actuated.  These  failure  mechanisms 
can  be  broadly  categorized  as  being  either  bulk 
temperature  related,  or  supertemperature  related. 

Earlier  we  saw  that  the  contact  continuous  current  rating 
for  well-behaved  waveforms  (DC  and  sinusoidal  AC)  is 
based  on  defining  the  wire  AWG  of  the  attached 
conductors,  the  maximum  environmental  operating 
temperature,  and  density  of  the  contact  pattern  in  the 
housing  selected  for  this  specific  application.  With  these 
factors  in  hand,  we  can  predict  the  bulk  temperature  rise 
that  will  result  from  the  passage  of  a  various  current  levels 
(always  measured  in  continuous  RMS  amperes)  through 
the  contacts  that  can  be  used  in  the  selected  housing. 
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All  the  factors  involved  in  determining  the  contact  current 
rating  for  continuous  waveforms  can  be  directly  related  to 
heat.  While  the  failure  mechanisms  related  to  wear  and 
corrosion  are  certainly  important,  the  principle  mechanism 
that  we  are  to  be  concerned  with  here  is  that  of  stress 
relaxation.  Wear-and  corrosion-related  failure  mechanisms 
are  incorporated  into  the  contact  current  rating 
methodology  through  the  use  of  end-of-life  contact 
characteristics,  which  are  determined  by  the  verification 
test  sequence  that  exercises  these  failure  mechanisms,  as 
the  basis  for  establishing  the  base  current  curve.  By 
selecting  combinations  of  factors  that  maintain  the  contact 
system  within  its  Safe  Operating  Area,  the  maximum 
immunity  to  heat-  related  failures  due  to  bulk  temperature 
excursions  is  achieved  throughout  the  lifetime  of  the 
product. 

These  considerations  focus  on  the  bulk  temperature  rise 
since  it  is  directly  related  to  the  continuous  RMS  current 
flowing  in  the  contact  pair.  Whenever  less  well-behaved 
waveforms  are  present,  a  second  set  of  considerations  must 
also  be  included  in  the  determination  of  the  contact 
current  rating.  These  factors  are  of  result  of  the  failure 
mechanisms  associated  with  excessive  supertemperature 
rise.  Here  the  principle  effect  is  not  the  initiation  or 
acceleration  of  stress  relaxation,  but  the  degrading  or 
destruction  of  the  contact  interface.  Any  degrading  of  the 
interface  obviously  leads  to  an  exacerbation  of  the  wear- 
and  corrosion-related  failure  mechanisms  and  a  shortened 
life  for  the  product.  Just  as  obviously,  the  destruction  of 
the  interface  dramatically  indicates  that  we  have  selected 
an  inappropriate  contact  for  a  given  application. 

The  reason  for  this  differentiation  can  begin  to  be 
understood  by  examining  Figure  (4).  The  constriction 
resistance  of  an  interface,  which  is  a  function  of  current 
being  forced  to  flow  through  a  limited  number  of 
asperities  rather  than  the  bulk  of  the  contact,  generates 
localized  heating  when  current  flows  through  it.  This 
localized  heating  is  referred  to  as  supertemperature.  Since 
the  mass  of  the  asperities  is  very  small,  their  thermal  time 
constant  is  very,  very  short.  Consequently,  the 
temperature  in  these  asperities  follows  the  peak  values  of 
the  conducted  waveforms,  and  not  the  RMS  magnitudes. 
The  brutal  combination  of  a  short  thermal  time  constant, 
and  limited  cross-sectional  area  in  the  asperities  through 
which  the  current  can  flow,  makes  the  interface  prone  to 
overheating  (due  to  supertemperature  rise)  and  failure, 

The  true  danger  in  these  types  of  waveforms  in  terms  of 
their  impact  on  current  rating,  is  illustrated  by  the  analogy 
of  the  engineer  who  drowned  at  a  pool  party.  The 
engineer,  being  one  who  ran  his  life  according  to  statistics 
and  averages,  decided  that  he  could  jump  into  the  pool 
even  though  he  could  not  swim.  He  based  his  decision  on 
the  fact  that  someone  said  that  the  average  depth  of  the 
pool  was  only  two  feet.  Unfortunately,  he  chose  to  jump 
into  the  deep  end  of  the  pool. 


Figure  4.  Effect  of  Peak  Currents 


The  RMS  value  of  a  waveform  characterizes  the  average 
heating  effect  of  a  waveform,  but  it  does  nothing  to  tell  us 
about  the  "deep  end"  of  the  waveform  represented  by 
transients,  overloads,  and  high  peak  anomalies.  A  current 
rating  based  solely  on  RMS  current  magnitudes  works  well 
to  prevent  failures  due  to  bulk-temperature  related  failure 
mechanisms.  In  order  to  accommodate  these  other  types  of 
waveforms,  we  must  also  incorporate  supertemperature 
related  effects.  The  additional  steps  included  in  the 
methodology  will  focus  on  also  controlling  the  maximum 
supertemperature  produced  by  the  waveforms  present  in  a 
given  application. 


CONTACT  SYSTEM  THERMAL  TIME  CONSTANTS 

Various  organizations  publish  ampacity  charts  for  wire. 
Generally  speaking,  these  ampacity  ratings  are  based  on 
the  relationship  between  the  internal  heating  of  the  wire 
(due  to  the  resistance  of  the  wire  and  the  Joule  heating 
phenomenon)  and  the  ability  of  the  wire  either  to  store 
that  heat,  causing  a  bulk  temperature  rise  of  the  wire,  or 
to  remove  that  heat  by  some  combination  of  conduction, 
convection,  and  radiation  cooling.  Broadly  speaking,  in  the 
case  of  the  wire  itself,  the  convection  and  radiation  cooling 
mechanisms  are  inhibited  by  the  presence  of  the  insulation 
around  the  conductors.  Therefore,  the  final  bulk 
temperature  rise  of  the  wire,  and  hence  its  ampacity  or 
current  rating  in  a  given  application,  is  predominantly 
based  on  the  interaction  of  the  heat  storage  capability  of 
the  thermal  capacitance  of  the  copper  wire,  and  the  heat 
sinking  ability  of  the  conductor  terminations  to 
conductively  cool  the  wire. 

In  an  analogous  manner,  a  contact  system  in  a  housing 
exhibits  a  bulk  temperature  rise  that  is  related  to  the 
interaction  of  the  applied  waveform,  the  thermal 
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capacitance  of  the  contacts,  and  the  conduction  cooling 
supplied  by  the  conductors  attached  to  the  contact  system. 

If  we  were  to  apply  a  continuous  waveform  to  a  contact 
system  and  monitor  the  bulk  temperature  near  the  contact 
interface,  we  could  observe  a  behavior  such  as  that  shown 
in  Figure  5.  Initially  the  cuulact  is  stabilized  at  the 
ambient  temperature.  As  time  passes,  the  bulk 
temperature  begins  to  rise  until  such  time  as  a  thermal 
equilibrium  is  reached.  At  this  point,  a  balance  is  reached 
between  the  internal  generation  of  heat  in  the  contact,  the 
internal  storage  of  that  heat  in  the  contact’s  thermal 
capacitance,  and  the  cooling  provided  to  the  contact  by  the 
conductor  terminations.  In  a  manner  directly  analogous  to 
that  of  the  charging  of  the  capacitor  in  a  series  RC 
electrical  circuit,  the  time  required  to  reach  this  state  of 
thermal  equilibrium  is  a  function  of  the  thermal 
capacitance  and  resulting  thermal  time  constant  of  the 
contact  system  and  attached  terminations. 


Temperature  Rise 


A  continuous  waveform,  whether  AC  or  DC,  will  remain 
by  definition  for  a  period  of  time  exceeding  four  or  five 
thermal  time  constants.  Thus,  the  contact  system  reaches  a 
point  of  thermal  equilibrium  at  whatever  bulk  temperature 
rise  was  selected  after  a  finite  period  of  time.  The 
equation  describing  the  Contact  Temperature  Response  in 
the  heating  mode  is  given  in  Equation  (2)  below. 

A7V2/(1-e-»')  (2) 

where 

I  =  Electrical  Current  (Amperes) 

T  =  Temperature  Rise  (*C) 

A  =  Contact  Constant 

t  =  Time  (Seconds) 

r  =  Thermal  Time  Constant  (Seconds) 


Upon  examination  of  this  equation,  we  can  determine  that 
the  principle  factors  affecting  the  temperature  rise  of  the 
contact  are  the  current  magnitude  (I),  and  the  relationship 
between  the  thermal  time  constant  of  the  contact  system 
(r)  and  the  amount  of  time  the  waveform  is  present  (t). 
When  the  relationship  shown  in  Equation  (3)  holds  true, 
we  can  consider  the  waveform  continuous  waveform  and 
apply  the  methodology  described  earlier.  In  situations 
where  the  equation  is  not  true,  such  as  when  transients  are 
present,  then  we  must  modify  the  procedure. 

Tt>  5x  (3) 

where 

T,  =  Heating  Time  (Seconds) 
t  =  Thermal  Time  Constant  (Seconds) 

Before  leaving  Figure  5,  it  is  useful  to  examine  the 
behavior  of  the  contact  system  when  the  current  is 
removed.  Assuming  that  the  local  ambient  has  not 
increased  significantly,  the  contact  begins  to  cool  since 
there  is  no  longer  any  internal  heat  generation.  Equation 
(4)  describes  the  Contact  Temperature  Response  in  the 
cooling  mode. 

Ar=Ce-»'  (4) 

where 

AT  =  Temperature  Rise  (”C) 

C  =  Constant  (InitialConditions) 
t  =  Time  (Seconds) 
t  =  Thermal  Time  Constant  (Seconds) 

It  is  important  to  note  that  the  ratio  of  the  time  (t)  to 
thermal  time  constant  (t)  again  plays  a  significant  role  in 
the  contact  system’s  response.  For  periodic  waveforms,  and 
even  for  transients  and  overloads,  the  ability  of  the  contact 
system  to  cool  before  the  next  application  of  the  driving 
waveform  can  have  a  significant  bearing  on  the  resulting 
contact  current  rating. 

In  the  case  of  both  heating  and  cooling,  we  have  seen  that 
the  thermal  time  constant  of  the  contact  system  is  a  key 
constituent  in  the  determination  of  the  rate  of  bulk 
temperature  rise.  It  is  important  to  recognize  that  the 
thermal  time  constant  of  interest  here  is  not  that  of  the 
contact  system  alone.  The  thermal  performance  of  the 
contact  is  very  dependent  on  the  heat  sinking  effect  of  the 
attached  conductors.  Consequently,  the  thermal  time 
constant  of  the  interest  is  the  one  that  results  when  we 
combine  a  contact  system  with  the  wire  or  printed  circuit 
boards  that  will  be  attached  to  it  in  a  specific  application. 
Just  as  we  determine  the  current  rating  for  a  contact 
system  by  including  the  thermally  relevant  variables  of 
attached  wire  AWG,  loading  density,  and  ambient 
temperatures,  we  must  include  the  wire  in  the 
determination  of  the  thermal  time  constant.  A  contact 
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manufacturer  cannot  supply  this  data  as  it  is  a  function  of 
each  unique  application. 

Several  methods  are  available  to  allow  the  determination 
of  a  system’s  thermal  time  constant.  The  most  straight 
forward  method  is  experimental  measurement.  A  contact 
pair  can  be  terminated  with  the  appropriate  wire  to  be 
used  in  an  application  and  loaded  into  the  housing 
selected  for  the  application.  Temperature  measurements 
can  be  made  near  the  contact  interface  and  a  table 
constructed  showing  time  versus  temperature.  Once 
thermal  equilibrium  has  been  achieved,  an  appropriate 
data  point  can  be  used  to  solve  equation  (4)  for  the 
thermal  time  constant  of  the  system. 
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A  second  method  may  also  prove  to  be  useful  in  some 
applications.  Since  many  designers  are  already  familiar 
with  simulating  the  electrical  performance  of  circuits  using 
SPICE,  a  thermal  simulation  can  also  be  run  using  SPICE. 
The  thermal-electric  analogy  allows  electrical  resistance 
and  capacitance  to  be  related  to  thermal  resistance  and 
capacitance,  voltage  to  temperature,  and  current  to  heat 
flow. 

As  an  example,  let  us  consider  the  Pluggable  Bus  Bar 
Connector  illustrated  in  the  Figure  6.  The  electrical  and 
thermal  macromodels  of  the  contact  are  shown  in  Figures 
7  and  8.  When  terminated  with  macromodels  for  the  bus 
bars,  the  thermal  equivalent  circuit  shown  in  Figure  8  can 
be  exercised  by  SPICE  in  order  to  show  the  thermal 
response  of  a  terminated  contact.  The  output  will  be  a 
table  of  time  and  temperatures  from  which  the  thermal 
time  constant  can  be  calculated  just  as  in  the  direct 
measurement  technique. 


Pluggable  bus  bar  connectors 
are  terminated  with 


Figure  7.  Contact  Electrical  Macromodel 

R  R 


WAVEFORM  CLASSIFICATIONS 

The  thermal  time  constant  of  a  system  is  important  due  to 
the  role  it  plays  in  determining  what  classification  to  which 
a  waveform  belongs.  A  continuous  waveform  is  one  which 
is  present  for  any  period  of  time  longer  than  which  is 
required  for  the  contact  system  to  reach  thermal 
equilibrium.  Additionally  a  "well-behaved"  waveform  is  one 
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which  obeys  the  rule  given  in  Equation  (5),  the  classical 
relationship  between  the  RMS  and  peak  values  for  AC 
currents. 

P/r=(1  .414)(/77?s)  (5) 

where 

Pk  =  Peak  Current  (Amperes) 
rms  =  RMS  Current  (Amperes) 

Transients  and  some  forms  of  overload  currents  violate  the 
continuous  definition.  High  crest  factor  currents,  some 
periodic  currents,  arid  SMPS  (switched-mode  power 
supply)  input  currents  violate  Equation  (5). 

Consequently,  each  type  of  waveform  must  be  considered 
separately  when  determining  a  contact’s  current  rating  for 
these  types  of  load  currents.  The  methodology  presented 
here  will  focus  on  establishing  the  current  rating  for 
transierits  which  do  not  meet  the  continuous  definition;  for 
surges  and  overloads  which,  although  they  are  finite  in 
their  duratiori,  are  present  for  time  intervals  sufficient  to 
produce  significant  bulk  heating;  for  high  crest  factor 
waveforms  that  violate  Equation  (5);  and  for  periodic  or 
duty  cycle  rated  waveforms. 


TRANSIENTS 

Transients  are  defined  as  waveforms  resulting  from  state 
changes  in  electrical  circuits.  By  definition,  they  occur  only 
once.  Realistically,  they  may  occur  more  than  once,  but 
they  must  be  separated  by  sufficient  elapsed  time  to  allow 
the  contact  system  to  cool  back  to  ambient.  Obviously,  the 
determination  of  the  required  time  is  a  function  of  the 
thermal  time  constant  of  the  contact  system  in  a  specifi- 
.  application.  Figure  9  illustrates  one  very  common 
transient,  an  Exponential  Double  Decay  Pulse  resulting 
from  inductive  load  switching.  Since  it  is  common  for  these 
types  of  transients  to  generate  voltage  amplitudes  of 
several  thousand  volts,  the  resulting  currents  must  be 
factored  into  the  required  contact  current  rating. 

A  very  common  use  of  signal  contacts  in  a  computer 
environment  would  find  the  contacts  comprising  part  of  a 
50-ohm  circuit.  The  designer,  following  the  procedure 
given  earlier,  determined  that  a  continuous  current  rating 
of  one  ampere  was  required.  An  additional  consideration 
involves  the  impact  of  this  transient  in  the  circuit.  If  it  is 
assumed  that  a  peak  transient  pulse  amplitude  of  2000 
volts  is  feasible,  a  quick  calculation  will  show  a  peak 
transient  current  of  8  amperes.  The  astute  designer  will 
quickly  recogriize  that  in  addition  of  this  application 
requiring  a  contact  system  capable  of  continuously  carrying 
one  ampere,  a  contact  system  is  required  that  will  also 
tolerate  an  8-ampere  transient. 


Voltage 


Figure  9.  Voltage  Template  for  a  Fast-Switching 
Transient  Pulse  Under  Inductive  Load 
Switching 


The  procedure  for  establishing  the  transient  current  rating 
for  a  contact  system  is  twofold.  The  designer  must  consult 
the  section  of  the  product  specification  addressing 
"Absolute  Maximum"  or  ’Transient"  ratings.  These  ratings, 
when  available,  are  provided  in  an  effort  to  prevent 
failures  due  to  excessive  supertemperatures.  The  "Peak 
Transient  Current"  rating  establishes  the  maximum  peak 
current  that  is  acceptable  for  a  given  contact  s,  nem.  In 
this  example,  the  designer  requires  a  contact  system  that 
has  a  continuous  current  rating  of  one  ampere,  and  a 
transient  current  rating  of  eight  or  more  amperes. 

The  second  part  of  this  procedure  is  to  insure  that  the 
transient  waveform  is  in  fact  a  transient  in  terms  of  its 
impact  on  the  contact  system.  One  possibility  is  that  the 
'Transient"  rating  section  of  the  product.specification  may 
include  information  defining  the  maximum  length  of  time 
elevated  peak  currents  may  be  tolerated.  In  the  absence  of 
this  information,  the  designer  nhay  construct  a  graph 
similar  to  that  shown  in  Figure  10.  The  graph  is  based  on 
the  earlier  work  completed  to  determine  the  thermal  time 
constant  of  the  contact  system.  Using  that  data,  Equation 
(2)  may  be  solved  for  time  (t)  at  several  current  levels. 

The  current  and  time  data  can  then  be  plotted  as  shown. 
The  assumption  inherent  in  this  process  is  that  the  contact 
system  can  tolerate  the.  maximum  peak  transient  current 
for  the  time  period  required  to  raise  the  bulk  temperature 
of  the  contact  to  whatever  temperature  rise  was  selected 
for  the  coritinuous  current  rating.  In  the  example  shown,  a 
design  value  of  20  *C  was  chosen.  The  time  required  for 
the  contact  system  to  reach  this  value,  Tj  in  Figure  10  is 
the  maximum  allowable  time  for  the  transient  to  be 
present.  If  the  waveform  being  rated  is  present  for  longer 
than  this  time  period,  then  the  waveform  must  be  rated  as 
another  classification  such  as  an  overload,  et  cetera. 
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Figure  10.  Contact  System  Transient/Overload 
Thermal  Response 


In  summary,  for  transients,  the  designer  must  rate  the 
contact  system  for  continuous  current  through  the  RMS 
value  of  the  waveform;  for  peak  transient  current  through 
the  use  of  the  peak  current  value  of  the  waveform;  and  for 
duration  of  the  transient. 


SURGES  AND  OVERLOADS 

The  words  surge  and  overload  are  often  times 
interchangeable.  The  essential  definition  of  each  is  that  a 
temporary  increase  in  the  current  levels  being  carried 
through  a  contact  system  is  being  experienced.  While  a 
transient  is  generally  not  a  sinusoidal  or  other 
well-behaved  waveform,  an  overload  generally  is.  It  is 
defined,  in  terms  of  the  contact  current  rating 
methodology,  as  a  sinusoidal  current  in  excess  of  the 
intended  application-specific  continuous  current  rating 
determined  earlier.  Figure  11  illustrates  an  example  of  a 
composite  waveform  containing  an  overload. 

Figure  11  illustrates  a  typical  induction  motor  starting. 

The  resulting  composite  current  waveform  consists  of  three 
distinct  regions  that  must  all  be  considered  in  determining 
the  proper  contact  current  rating.  Region  A  is  the  inrush 
current  that  occurs  when  the  locked  rotor  is  initially 
energized.  It  is  considered  a  transient  since  it  generally 
lasts  no  longer  than  one  cycle.  Generally  speaking,  the 
peak  current  present  here  is  ten  times  the  full  load 
continuous  current.  This  portion  of  the  waveform  would  be 
rated  as  a  transient. 


- STARTING  CURRENT 

H-  First  1/2  cycle 


Motor 

K)  HP,  460V,  30 
Full  Load  Amps  14 


Motor  it  at 
running  speed 


Region 

•*C" 


Figure  11.  Composite  Waveform:  Motor  Starting 


Region  B  of  the  figure  represents  an  overload  condition. 

As  the  motor  begins  to  accelerate  under  load,  it  draws 
more  load  current  than  when  running  at  full  speed.  The 
time  occupied  by  this  region  is  determined  by  the  designer 
of  the  motor  control  system,  and  varies  with  each 
application.  Although  the  current  in  this  region  is  generally 
a  well-behaved  sinusoidal  waveform,  it  should  be  treated 
differently  than  a  continuous  current.  The  reasoning 
behind  this  decision  is  one  of  cost.  Since  the  currents  in 
this  region  generally  run  4  to  6  times  the  full  load 
continuous  currents,  using  this  magnitude  of  current  to 
rate  the  contact  system  would  result  in  selection  of  a 
contact  much  larger  than  that  required  to  carry  the  true 
full  load  continuous  running  current. 

To  determine  the  suitability  of  a  contact  system  to  function 
in  this  application,  after  determining  the  transient  current 
rating,  consideration  is  given  to  the  overload  current.  The 
factors  of  interest  are  RMS  current  magnitude  and 
duration.  Similar  to  the  section  on  transient  current  rating, 
we  again  can  consult  the  product  specification  to 
determine  if  data  is  included  on  the  allowable 
combinations  of  RMS  magnitude  versus  time.  In  its 
absence,  the  designer  can  consult  Figure  10  again. 

Referring  to  the  Figure  10,  region  A  was  defined  earlier  as 
the  safe  operating  area  for  transient  currents.  Region  B  is 
the  safe  operating  area  for  overloads.  The  graph  gives  the 
combinations  of  current  levels  and  the  maximum  times 
that  they  are  allowable  before  the  bulk  temperature  of  the 
contact  system  exceeds  the  selected  maximum  allowable 
bulk  temperature  rise. 

The  designer,  in  this  application  must  now  insure  that  he 
has  selected  a  contact  system  that  can  meet  his  continuous 
current  requirement,  his  transient  current  requirement, 
and  also  his  overload  current  requirement.  Failure  to 
address  the  transient  current  requirements  creates  the 
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potential  for  catastrophic  contact  failure  due  to  interface 
damage.  Failure  to  address  the  overload  current 
requirements  may  damage  the  interface  due  to  excessive 
supertemperatures,  or  it  may  damage  the  contact  system 
through  the  various  bulk  temperature  related  failure 
mechanisms. 

In  summary,  for  overloads,  the  designer  must  rate  the 
contact  system  for  continuous  current  through  the  RMS 
value  of  the  waveform;  and  for  duration  of  the  overload. 

Before  leaving  Figure  11,  it  is  of  interest  to  note  that 
Region  C  represents  the  full  load  running  current  of  the 
motor.  This  region  represents  a  continuous  current,  and 
would  be  rated  through  the  use  of  the  earlier 
methodology. 


HIGH  CREST  FACTOR  LOADS 

The  crest  factor  of  a  waveform  is  the  ratio  of  the  peak 
voltage  or  current  to  the  RMS  voltage  or  current.  We 
earlier  defined  a  well-behaved  waveform  as  one  where  this 
ratio  is  1.414,  the  normal  relationship  of  peak  value  to  the 
RMS  value  in  a  sinusoid.  In  situations  where  the  crest 
factor  exceeds  1.414,  the  designer  is  cautioned  to  include 
an  additional  check  in  his  contact  current  rating  procedure. 


high  crest  factor  waveform  like  that  shown  in  a  worst  case 
condition  in  Figure  12.  It  is  important  to  note  that  there 
are  varying  degrees  of  this  phenomenon.  The  figure 
illustrates  a  worst  case  scenario  where  the  waveform  has 
actually  been  distorted  into  a  series  of  Haversine  current 
pulses.  The  correct  current  rating  procedure  for  this  worst 
case  condition  will  be  addressed  under  the  next  section. 

For  a  less  severe  condition,  where  portions  of  the  resistive 
load  sine-wave  still  exist  but  are  distorted  by  a  Haversine¬ 
like  spike  near  the  waveform  apexes,  a  different  procedure 
can  be  used.  For  example,  a  designer  recently  found  that 
he  was  confronted  with  a  waveform  of  this  type  that 
exhibited  a  true  15  ampere  RMS  value.  He  also  found  that 
the  waveform  registered  a  2.7  crest  factor.  For  a 
well-behaved  continuous  current,  one  would  expect  a  21 
ampere  peak  load,  rather  than  the  40.5  ampere  peak  he 
found.  A  very  conservative,  and  costly,  approach  to  this 
application  would  have  the  designer  select  a  contact 
system  capable  of  continuously  carrying  the  40  ampere 
load.  A  less  conservative,  but  more  economical,  solution 
was  found  when  the  designer  consulted  AMP  engineering. 
With  the  waveform  well  characterized,  engineering  was 
able  to  determine  that  the  peak  energy  was  not  sufficient 
in  this  application  to  significantly  change  the  bulk 
temperature  of  the  contact  system,  nor  to  raise  the 
supertemperature  of  the  interface  beyond  the  maximum 
allowable  value. 


Figure  12  illustrates  a  common  situation  found  in  modern 
electronic  systems.  The  two  principle  examples  of  this 
situation  that  we  must  consider  are  the  neutrals  in  three 
phase  power  distribution  systems  that  may  carry  significant 
third  harmonic  currents,  and  input  currents  to 
switched-mode  power  supplies  (SMPS). 


Figure  12.  High  Crest-Factor  Waveform 


Third  Harmonic  Waveforms.  In  many  multiphase  power 
distribution  systems  in  office  environments,  designers  will 
often  find  a  plethora  of  personal  computers.  Many  of  these 
computers  use  SMPS.  As  we  will  see  later,  SMPS  draw 
unique  current  loads.  Where  we  would  expect  to  find  no 
neutral  current  in  a  balanced  network,  we  actually  find  a 


In  the  case  of  high  crest  factor  waveforms,  we  cannot  use 
the  RMS  value  alone  to  current  rate  the  contact  system. 
The  designer  must  first  determine  the  continuous  current 
rating  required  for  the  application  using  the  RMS  level 
indicated  by  the  continuous,  repetitive  nature  of  the 
waveform.  Then  the  designer  must  verify  that  the  peak 
values  present  in  the  waveform  do  not  violate  the  contact 
specifications  for  maximum  transient  peak  current.  Upon 
fully  characterizing  the  waveform,  engineering  should  then 
be  contacted  to  insure  that  the  abnormally  high  peak  value 
associated  does  not  damage  the  contact  interface.  In  very 
severe  applications,  such  as  that  shown  in  Figure  12,  the 
waveform  should  be  classified  as  a  Duty  Cycle  Waveform 
and  current  rated  accordingly. 


Switched-Mode  Power  Supply  Waveforms.  Figure  13 
illustrates  the  waveform  typically  generated  at  the  input  to 
a  SMPS.  The  figure  depicts  the  voltage  across  the  input 
capacitors  and  its  relationship  to  the  input  current  and 
voltage  waveforms.  Current  is  drawn  only  during  the  time 
period  when  the  capacitors  are  recharging.  Consequently, 
the  input  current  appears  as  a  repetitive  series  of 
Haversine  pulses.  The  significance  of  this  waveform  is  that 
although  we  have  a  continuous  waveform,  it  is  no  longer 
sinusoidal,  nor  is  the  relationship  of  Equation  (5)  valid.  As 
we  have  seen  earlier,  when  this  equation  is  not  valid,  we 
must  modify  our  procedure  to  insure  that  the  peak 
currents  present  do  not  damage  the  contact  system  through 
excessive  supertemperatures. 
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Figure  13.  SMPS  Waveforms: 

Top  -  Input  Voltage 
Middle  -  Input  Current 
Bottom  -  Capacitor  Voltage 


In  a  typical  SMPS,  we  can  expect  to  find  a  power  factor  on 
the  order  of  .65  or  so.  With  this  magnitude  of  power 
factor,  we  can  expect  to  find  peak  currents  that  are 
approximately  3  times  the  RMS  magnitude.  Due  to  the 
absence  of  any  current  flow  between  these  current  pulses, 
the  designer  should  consider  this  type  of  application  to  be 
a  Duty  Cycle  classification,  and  current  rate  his  contact 
system  accordingly. 

In  summary,  for  high  crest  factor  waveforms  possessing  a 
valid  continuous  current  content,  the  designer  must  rate 
the  contact  system  for  continuous  current  through  the 
RMS  value  of  the  waveform;  and  for  peak  transient 
current  through  the  use  of  the  peak  current  value  of  the 
waveform. 


DUTY  CYCLE  RATED  WAVEFORMS 

In  many  applications,  the  current  drawn  by  a  load  occurs 
in  finite  length  pulses.  We  refer  to  these  waveforms  as 
being  "Duty  Cycle  Rated"  due  to  the  discontinuous  nature 
of  the  current  flow.  Figure  14  illustrates  10%  and  50% 
duty  cycle  waveforms.  When  the  period  for  the  duty  cycle 
waveform  is  less  than  the  thermal  response  time  (based  on 
the  thefmal  time  constant  determined  earlier)  of  the 
contact  system,  the  bulk  temperature  of  the  contact  will 
never  reach  its  normal  100%  duty  cycle  (continuous) 
current  magnitude.  With  a  lower  bulk  temperature,  the 
supertemperature  will  not  reach  its  normal  100%  duty 


cycle  (continuous)  current  value.  This  condition  allows  the 
contact  designer  to  generate  a  rerated  continuous  current 
rating  of  a  higher  magnitude  for  duty  cycle  applications  for 
this  particular  application. 


The  designer  confronting  a  duty  cycle  application  should 
not  simply  current  rate  his  contact  system  based  on  the 
effective  or  RMS  magnitude  present  in  his  application. 

The  two  waveforms  shown  in  the  figure  have  the  same 
RMS  value  even  though  they  exhibit  drastically  different 
peak  values.  Many  designers  use  very  short  duration,  high 
amplitude  pulses  to  position  motors.  The  10%  duty  cycle 
waveform  is  representative  of  this  condition.  If  this 
waveform  were  present  only  once,  or  sporadically,  then  the 
use  of  the  transient  classification  for  current  rating  would 
be  appropriate.  These  types  of  waveforms  activate  the 
failure  mechanisms  associated  with  supertemperature. 
Consequently,  the  use  of  the  RMS  magnitude  to  current 
rate  is  inappropriate. 

For  duty  cycle  applications,  the  designer  must  consult  a 
modifier  chart  similar  to  that  shown  in  Figure  15.  The 
rerating  procedure  mentioned  above  allows  the  contact 
manufacturer  to  generate  a  graph  that  details  the  amount 
that  the  continuous  current  can  be  increased  for  various 
duty  cycles.  This  modifier  can  be  used  in  a  manner 
analogous  to  the  Base  Current  Modifier  (F)  in  our  original 
current  rating  procedure  to  increase  the 
application-specific  continuous  current  rating  (I)  of  an 
contact  system  in  a  given  application.  This  relationship  is 
given  in  Equation  (1).  The  final  application-specific 
continuous  current  rating  becomes  the  one  given  in 
Equation  (6). 


hl^F'G 


(6) 


where 


I  =  Continuous  Current  Rating  (Amperes) 
IB  =  Base  Rated  Current  (Amperes) 

F  =  Base  Current  Modifier 
G  =  Duty  Cycle  Modifier 
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Figure  15.  Ampliwidget  Duty  Cycle  Modifier  Chart 
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SUMMARY 

In  summary,  a  methodology  has  been  given  that  allows  a 
designer  to  determine  the  current  rating  for  a  given 
contact  system  in  a  specific  application.  The  procedure 
allows  a  continuous  current  rating  to  be  derived  from  a 
base  current  curve  characteristic  of  the  contact  pair.  This 
current  is  modified  to  reflect  the  size  of  the  conductor 
terminated  to  the  contacts,  the  maximum  ambient 
temperature,  the  desired  bulk  temperature  rise,  and  the 
loading  density  of  the  contacts  in  a  housing. 

The  methodology  also  allows  the  contact  to  be  rated  for 
transients  and  overloads  by  inclusion  of  considerations 
focused  on  the  peak  current,  and  their  durations.  The 
quantities  that  must  be  characterized  in  order  to 
successfully  current  rate  a  contact  system  are  given  in 
Table  1. 

Consideration  has  also  been  given  to  periodic  waveforms 
with  high  crest  factors  and  to  the  pulse  widths  typically 
used  in  duty  cycle  applications.  The  methodology  includes 
a  second  modifier  chart  for  use  in  rerating  the  contact 
system  for  duty  cycle  applications. 
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Abstract 

Using  the  combined  resources  of  customer  input,  laboratory 
design  and  field  testing,  a  fiber  splice  has  evolved  that  provides 
for  the  first  time  a  totally  applicable  product  for  the  future. 

As  optical  fibers  become  widely  spread  throughout  all  areas  of 
telecommunications  and  electro-optic  manufacturing 
applications,  there  will  be  increasing  pressure  for  low  cost  and 
high  productivity.  In  trying  to  anticipate  this  trend  during  the 
past  two  years,  AT&T  Network  Cable  Systems  determined 
through  surveys  of  all  the  major  market  customers  that 
mechanical  splice  hardware  that  emphasizes  user  friendliness 
and  direct  simple  feedback  is  needed.  Thus  far,  although  a 
myriad  of  mechanical  splices  are  available,  none  meets  all 
desired  requirements.  Using  these  surveys,  however,  and 
continued  customer  reactions,  a  customer-driven  fiber  splice  has 
been  developed,  tested  and  introduced.  As  a  result,  this  fiber 
splice  and  its  assembly  tools  also  embody  all  of  the  features 
dictated  by  current  users  for  the  future  fiber-to-the-premise 
revolution. 


Splice  Development 

Early  during  the  development  of  AT&T’s  Next  Generation 
Splice,  interaction  with  selected  customers  provided  the  feature 
and  performance  criteria  that  would  be  necessa^  for  a 
mechanical  splice  to  meet  the  needs  of  a  changing  splicing 
environment.  Fiber  splicing  is  now  most  often  done  by  well 
trained  crews  who  regularly  join  outside-plant  cables  in 
controlled  environments,  ie.,  air-conditioned  vans,  trucks  or 
trailers.  Future  splicing  scenarios,  particularly  for  fiber-to-the- 
home,  include  more  numerous  splicing  crews  and  individual 
splicers  with  less  formal  training  and  little  experience.  These 
splicers  will  often  gain  experience  on  the  job  from  associates 
and  from  instructional  video  tapes  or  manuals  and  the  splicing 
environment  will  frequently  be  curbside  with  minimum 
protection  from  the  elements. 

From  frequent  informative  discussions  with  our  customers,  the 
required  performance/features  for  a  mechanical  splice  that 
satisfy  the  needs  of  a  changing  environment  are: 

Low  Cost  -  Often  the  first  customer  consideration  is 

splicing  costs.  Not  only  the  first  cost  of  the  splice  itself 


but  the  total  installation  cost  taking  into  account 
splicing  time,  splice  yield  and  tool  costs. 

Splice  Loss  •  Meeting  the  transmission  requirements  for 
present  and  future  systems,  splice  losses  averaging  0.20 
dB  or  less  for  passive  splicing  are  required.  All  passive 
splice  designs  are  dependent  on  fiber  quality  to  achieve 
this  splice  loss,  and  the  rising  trend  to  tighter  fiber 
specs  will  ultimately  lower  these  average  splice  losses. 

Reflectance  -  Reflections  averaging  less  than  -50  dB, 
with  worst  case  less  than  -32  dB  (fiber  backscatter),  are 
required. 

Operating  Temperature  Range  -  Since  splices  will  be 
deployed  in  all  of  outside-plant  environments,  from 
manholes  to  pedestals  splices  must  be  stable  from  -40* 
F  to  185*  F. 

Storage  Temperature  Range  •  Splices  must  be  capable 
of  long-term  storage  in  warehouses,  trucks  and' vans 
without  any  degradation  to  the  performance  of  the 
device. 

Splice  Assembly  -  The  splice  must  be  a  cleaved  fiber 
design  not  requiring  polishing  or  adhesives  for 
assembly.  Index  matching  material  must  be  an  integral 
part  of  the  splice  and  should  not  require  any  curing 
operation.  AH  splice  components  should  be  in  place 
with  no  loose  parts  requiring  any  field  pre-assembly. 

Universal  Size  -  Great  importance  is  placed  on  being 
able  to  use  one  universal  splice  to  join  coated  (250  pm) 
and  buffered  (900  pm)  fibers  or  a  mix  of  the  two.  This 
eliminates  the  necessity,  cost  and  complexity  of 
ordering  and  stocking  several  sizes  of  splices. 

Craft  Feedback  -  There  was  desire  expressed  for  a 
unique  splice  design  feature  that  gives  the  splicer 
confidence  that  he  or  she  has  made  an  acceptable,  low- 
loss  splice  without  test  equipment  or  remote  monitoring. 

Reusability  •  To  be  able  to  quickly  and  reliably  reuse 
a  splice  that  is  unacceptable  because  of  bad  fiber 
cleaves  or  improper  splicing  procedures  is  important  for 
lowest  cost  to  be  achieved. 
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Training  and  Support  -  Clear  instructions  and  training 
aids  such  as  video  tapes  are  of  utmost  importance.  The 
splice  should  be  easy  to  use  whether  the  splicer  is 
engaged  in  day-to-day  splicing  or,  as  with  restoration 
crews,  it  is  used  infrequently  for  emergency  restoration. 

Shelf  Life  -  Unlimited  shelf  life  is  absolutely  required. 
Having  to  keep  dated  material  checked,  reordered  and 
replaced  is  cosdy  and  cumbersome. 

Initially  three  different  splice  designs  that  met  these 
requirements  (other  than  reusability)  were  presented  to 
customers  for  their  reactions.  The  design  chosen  by  them  is  the 
AT&T  CSL  LightSplice™  System,  which  can  be  reused  and 
tests  are  underway  to  validate  this  feature  and  will  be  reported 
at  a  later. 

Design  Features 

Especially  designed  to  meet  emerging  customer  requirements 
for  minimal  training,  low-cost  and  high  productivity,  this 
universally  applicable  mechanical  splice  uses  cleaving  for  fiber 
end  preparation,  a  one-part  factory-installed  index-match 
material  for  the  splice  interface,  a  precision  slotted  capillary  to 
align  the  mating  fibers  and  a  metal  spring  clip  with  compliant 
tape  to  press  and  hold  the  spliced  fibers.  It  introduces  a  unique 
technology  that  provides  strong  visual  feedback,  which  is  a 
universally  understood  means,  for  informing  the  splice  user 
about  the  physical  positioning  of  fiber  coatings/bufferings  and 
about  the  all-important  fiber-to-fiber  contact  To  achieve  this, 
transparent  materials  (glass  and  plastic)  are  used  for  the  splice. 
Furthermore  to  enhance  viewing,  the  clear-plastic  splice 
housing  is  purposely  designed  and  assembled  to  magnify  the 
fiber  juncture.  Field  results  show  that  this  high  visibility  gives 
both  better  splice  quality  and  higher  productivity  than  all  the 
other  currently  available  mechanical  splices. 

Another  unique  feature  is  that  its  universal  size  accepts  all 
combinations  of  250  pm  and  900  pm  coatings/bufferings,  and 
it  accepts  all  125  pm  OD  single-mode  and  multimode  fibers. 
Consequently,  designers,  distributors  and  splicers  need  have 
only  one  splice  for  all  permanent  and  restoration  installations. 

Splice  Design 

Figure  1  shows  an  exploded  view  of  the  splice  components. 
The  injection-molded  clear-plastic  housing  has  a  lens 
incorporated  to  magnify  the  view  of  the  fibers  during  insertion. 
Pre-filled  with  an  index-matching  grease,  the  glass  capillary  is 
funneled  at  both  ends  to  coordinate  with  a  series  of  funnels 
molded  into  the  housing.  Altogether,  these  enable  quick  and 
easy  insertion,  guidance  and  positioning  of  fibers,  coatings  and 
bufferings  into  the  splice.  Contact  between  the  cleaved  ends  in 
the  slotted  splicing  area,  where  the  spring  will  capture  and 
permanently  hold  the  mated  fibers,  is  verified  by  viewing 
through  the  housing  lens.  Field  use  has  enthusiastically 
endorsed  this  unique  characteristic  and  installation  res’  Its  show 
enhanced  productivity  because  of  it. 


SPLICE  -  EXPLODED  VIEW 


Figure  1 


Housing 

The  plastic  material  used  to  make  the  housing  must  be  optically 
clear  to  permit  a  visual  indication  of  fiber  contact.  This 
material  also  must  be  rugged  enough  to  withstand  temperature 
and  humidity  extremes  without  any  significant  dimensional 
changes.  Polysulfone  is  chosen  as  the  ideal  plastic  to  meet 
these  requirements.  Since  the  retention  spring  when  closed 
relies  on  the  dimensionally  stability  of  the  housing  to  maintain 
a  near  constant  force  on  the  fibers,  the  plastic  must  be  resistant 
to  creep  over  the  life  of  the  splice.  Finite  element  analyses  and 
accelerated  testing  simulating  a  20-year  exposure  in  a  fully 
loaded  outdoor  cabinet  in  Yuma,  AZ  shows  negligible  creep 
that  is  well  within  the  allowable  deflection  range  of  t-V  closed 
spring. 

Spring 

Any  alloy  used  for  the  retention  spring  must  have  high  strength, 
ready  formability  and  superior  stress-relaxation  performance. 
It  should  also  have  good  dimensional  stability  during  post¬ 
forming  heat-treatment.  A  Spinodal  alloy,  developed  by  AT&T 
Bell  Laboratories  and  selected  for  the  spring  design,  has 
properties  which  exceed  those  exhibited  by  traditional 
beryllium-copper  alloys. 

Glass  Capillary 

A  slotted  glass  capillary  tube  is  the  heart  of  the  splice.  As  for 
the  housing,  optical  clarity  of  this  component  is  necessary  for 
fiber  visibility  and  the  thermal  expansion  characteristics  of  this 
glass,  being  very  similar  to  the  glass  fiber,  give  this  design 
excellent  environmental  performance.  End  entrances  of  the 
capillary  bore  are  funneled  to  allow  easy  fiber  entry,  and  the 
bore  is  smooth  and  free  of  irregularities  which  could  result  in 
fiber  misalignment.  The  slotted  area  is  precision  ground  to 
expose  the  top  halves  of  fibers  for  uniform  contact  and 
retention  by  the  closed  spring. 
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Index-Match  Material 

One  of  the  most  critical  components  of  any  mechanical  splice, 
insuring  long-term  reliability,  is  the  fiber  index-matching 
material.  The  one  selected  for  this  splice  has  a  refractive  index 
that  is  very  closely  matched  to  the  fiber  core  and  is  transparent 
at  all  operating  wavelengths.  Its  viscosity  remains  gel-like  over 
the  entire  operating  and  storage  temperature  ranges  without 
stratification  and  splice  components  and  fiber  coatings  are 
completely  compatible  with  this  matching  material. 

Compliant  Tape 

A  compliant  tape  applied  to  the  longitudinal  fiber-contact 
length  of  the  spring  provides  three  major  functions.  It  acts  as 
a  buffer  between  the  spring  and  the  fiber,  accommodates  fiber 
OD  differences,  and  seals  the  area  between  the  spring  and  glass 
capillary  from  water  or  other  contaminate  ingress.  While 
achieving  these  important  features,  the  tape,  in  contact  with  the 
fiber  joint,  does  not  degrade  the  environmental  performance  of 
the  splice. 

Splice  Operation 

How  the  component  parts  are  used  to  affect  a  low-loss, 
permanent  fiber  optic  splice  can  best  be  explained  by 
examining  a  detailed  cross  sectional  view  of  the  splice’s  slotted 
region  shown  in  Figure  2.  Here  the  metal  spring  is  in  the  open 
position,  and  the  fibers  are  freely  longitudinally  movable.  The 
unslotted  capillary  sections  at  each  end  keep  the  fiber  ends 
coarsely  transversely  positioned  so  that  they  do  not  miss  each 
other  during  insertion.  The  compliant  tape  is  shown  bonded  to 
the  spring  with  a  layer  of  index  matching  material  on  it’s 
surface  to  reduntantly  seal  the  fiber  joint  from  environmental 
intrusions.  Index-matching  material  fills  the  unslotted  capillary 
sections  to  provide  wells  of  grease  that  the  fibers  pick  up  to 
match  out  the  splice  interface  and  it  fills  the  interstice  between 
the  glass  capillary  and  the  housing  to  aid  fiber  visibility.  Note 
that  the  curvature  on  the  housing  is  precisely  radiused  to 
produce  a  fiber  magnification  of  about  5x. 

SPLICE  CROSS  SECTION 
OPEN  POSITION 


Figure  3  illustrates  the  same  cross  section  for  the  completed 
(closed)  splice.  The  spring  is  closed  on  the  second  set  of 
detents  molded  into  the  housing  to  press  both  index-matched 
fibers  into  the  groove  of  the  slotted  capillary.  In  this  final 
position,  the  fiber  ends  are  precisely  aligned  to  achieve  low 
insertion-losses,  low  return-losses  and  fiber  retention  in  a 
permanent  mechanical  splice. 

SPLICE  CROSS  SECTION 
CLOSED  POSITION 


Workstation 

As  with  the  design  of  the  splice,  the  workstation  is  a  result  of 
ongoing,  direct  interactions  with  our  customers.  Figure  4 
shows  the  layout  of  the  workstation.  Mounted  on  a  strong  base 
to  provide  stability  during  splicing,  the  splice-holder  pedestal 
is  tilted  toward  the  splicer  at  25*  for  optimum  viewing.  Fiber¬ 
gripping  pedestals  on  each  side  of  the  splice  holder  have  foam 
inserts  which  hold  the  fibers  in  place  even  during  windy 
conditions  but  which  allow  the  fibers  to  be  easily  slid  into  the 
splice  entry  funnels.  Spring  closure  is  accomplished  with  the 
closing-lever  arm.  Integral  to  this  arm  is  a  force-limiting 
spring  which  eliminates  overloading  while  ensuring  sufficient 
force  on  the  splice.  A  light  mounting  bracket  and  battery 
powered  lamp  enhance  viewing  when  splicing  under  poorly 
illuminated  conditions.  A  cleaver-mounting  captive  screw  and 
tripod  mount  are  added  features  to  make  splicing  more 
convenient.  Affixing  the  cleaver  prevents  wasted  motions  and 
makes  a  "system"  of  the  splicing  set-up.  Very  high 
productivity  is  possible  with  this  system  approach. 

A  hand-held  tool  is  also  available  without  the  lamp  and  cleaver 
mount.  The  workstation  may  be  obtained  with  a  tool  kit  which 
includes  basic  fiber  preparation  tools  necessary  to  make  a  fiber 
splice  and  a  video  tape  with  step-by-step  splicing  instructions. 
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THERMAL  CYCLING  TEST 


Laboratory  thermal  cycling  tests  have  been  completed  which 
simulate  an  exte-  jed  outside  plant  environment.  The  thermal 
cycle,  plotted  figure  5,  ranges  from  -40'  F  to  185*  F. 
During  cycling  tests,  splice  insertion-loss  and  return-loss 
measurements  arc  made  bidirectionally  with  an  OTDR  at  the 
temperature  extremes  and  at  room  temperature.  In  Figure  6  the 
average  splice  loss  of  12  splices  is  plotted.  The  splices  were 
cycled  100  times,  however,  for  clarity  only  cycles  1-25  and  75- 
100  are  shown.  Average  changes  are  cyclic,  are  less  than  0.05 
dB  and  show  no  residual  added  loss. 


0  5  10  15  20  B0  65  90  95  100 


Cycle  Number 
Figure  6 

Water  Immersion 

Twelve  splices  were  immersed  in  110’  F  tap  water  for  7  days 
while  monitoring  splice  loss.  Figure  7  shows  the  loss 
variations  from  the  initial  measurements  through  day  7.  The 
maximum  change  seen  was  less  than  0.05  dB;  All  changes 
were  completely  recovered  within  2  hours  of  removal  from  the 
water.  These  same  12  splices  were  then  subjected  to  another 
100  thermal  cycles  (Figure  5)  with  behavior  the  same  as  shown 
by  Figure  6. 


THERMAL  CYCLE 


HATER  IMMERSION  TEST 
TEMPERATURE  43  C 


Time  (Hours)  Test  Oey 

Figure  5  Figure  7 
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Vibration  Testing 

In  order  to  verify  the  integrity  of  the  splices  when  subjected  to 
vibrations,  12  splices  were  tested  according  to  EIA  Standard 
FOTP  11.  The  splices  were  inserted  into  a  splicing  tray  which 
was  mounted  onto  a  vibration  platform,  first  with  the  splices  in 
a  horizontal  direction,  and  finally  with  the  splices  rotated  90* 
from  horizontal.  The  table  was  cycled  from  10  Hz  to  55  Hz  to 
10  Hz  every  minute  with  a  total  excursion  of  0.06".  This  cycle 
was  run  for  two  hours  in  each  plane.  No  change  in  the  average 
splice  loss  was  observed  from  vibrations  in  either  plane  and 
individual  splice  losses  varied  a  maximum  of  0.01  dB,  which 
is  within  OTDR  measurement  error. 


Fiber  Pullout  Tests 

Fiber  pullout  tests  were  done  on  an  Instron  tensile  testing 
machine  with  a  crosshead  speed  of  5  inches  per  minute.  Thirty 
splices  were  tested  and  the  results  show  that  the  splice  is 
capable  of  withstanding  a  minimum  strength  of  0.60  pounds. 
The  average  tensile  force  of  the  splice  is  1.15  pounds  with  90% 
of  the  splices  having  a  strength  of  over  0.75  pounds  and  80% 
over  1.00  pound. 

Return  Loss 

Return  loss  was  measured  at  -40'C,  9*C,  21*C  and  85*C. 
Figure  8  shows  the  average  return  loss  of  12  splices  measured 
at  1310  nm. 


RETURN  LOSS  VS  TEMPERATURE 


Temperature  -  Degrees  C 
Figure  8 


Field  Results 

A  customer  field  trial  was’  completed  in  early,  1990  to  gain 
field  experience,  and  to  obtain  "real  world"  splice  loss  and 
yield  data  on  this  new  splice.  The  crew  selected  for  this  trial 
had  previous  although  limited  fiber  joining  experience;  they 


only  splice  fiber  sporadically  three  or  four  times  a  year.  A 
two-hour  training  session  was  held  in  the  work  center  wherein 
the  craft  viewed  a  short  video  tape,  were  given  a  demonstration 
and  then  made  some  practice  splices  with  two  fiber  spools  and 
an  OTDR. 

Field  splicing  began  immediately  on  two  144-fiber  ribbon 
cables.  Only  120  of  the  144  fibers  were  joined  leaving  the 
remaining  24  fibers  unspliced  to  be  used  at  a  later  date. 
Splicing  was  done  in  a  van  and  two  OTDR’s  were  set  up  in  the 
two  offices  to  record  splice  loss.  The  splicing  was  to  be 
accomplished  passively,  that  is  without  test  equipment,  so  the 
splicers  were  not  given  any  indication  of  splice  quality  until 
after  the  splices  were  made.  Figure  9  is  a  histogram  of  the 
splice  losses  of  the  120  passively  aligned  splices.  The  average 
splice  loss  was  0.18  dB  with  a  standard  deviation  of  0.13  dB. 
Out  of  120  splices  5  splices  were  remade  because  of  insertion 
losses  greater  than  1.0  dB  for  a  yield  of  96%.  This 
performance  is  consistent  with  the  advertised  average  loss  of 
less  than  0.20  dB. 

Feedback  from  the  splicers  was  very  positive  and  the  unique 
ability  to  see  the  fibers  butt  together  and  being  able  to  observe 
the  position  of  the  fiber  coating  gave  them  added  confidence  in 
the  splicing  operation. 

Bidirectional  OTDR  Splice  Losses 
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Splice  Loss  -  dB 


Figure  9 


Conclusion 

As  defined  by  extensive  cotomer  surveys,  a  new  generation 
optical  splice  has  been  designed,  tested  and  field  trialed.  This 
splice  meets  all  the  performance  characteristics  on  insertion 
loss,  reflection,  environmental  testing,  universal  size,  minimal 
training,  low  cost  and  high  productivity  required  by  current  and 
future  users.  Importantly,  it  also  introduces  a  vital  new 
dimension:  universally  understandable  visual  verification.  In 
the  future,  this  last  feature  may  be  its  most  unique  contribution. 
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ABSTRACT 

To  provide  long  continuous  fiber  length  for  cable 
operations  a  method  for  splicing  fibers,  re¬ 
establishing  the  coating  around  the  splice  point, 
and  finally  prooftesting  the  splice  point  has 
been  developed  and  implemented  in  standard  pro¬ 
duction  environment.  The  technology  has  proven  to 
be  a  consistent  cost  efficient  way  to  achieve  up 
to  50  km  continuous  lengths  of  primary  coated 
optical  fiber.  Average  splice  strength  is  >  2  % 
and  average  splice  loss  is  0.07  dB  at  1300  nm  and 
1550  nm. 

Life  time  test  based  on  dynamic  fatigue  measure¬ 
ments  indicates  the  same  minimum  life  time  of  the 
splices  as  of  the  fiber  and  this  conclusion  is 
supported  by  more  than  5000  splices  being  cabled 
and  installed  in  the  field  during  the  last  3 
years  with  no  observed  failures. 


INTRODUCTION 

For  many  optical  fiber  cablers  it  is  important  to 
have  longest  possible  standard  length  of  fiber  as 
raw  material,  for  example  30-60  km.  This  in¬ 
creases  production  efficiency  because  of  less  up¬ 
start  time  and  also  it  allows  efficient  produc¬ 
tion  planning  with  high  yield  since  the  long 
cable  lengths  can  be  cut  to  customer  desired 
lengths  yielding  good  flexibility.  Finally,  for 
certain  types  of  submarine  cables  long  fiber 
length  is  a  key  factor. 

To  address  these  requirements  a  method  for  facto¬ 
ry  splicing  including  re-establishing  of  coating 
and  prooftesting  at  the  splice  point  was  devel¬ 
oped. 

In  this  paper  the  technology  is  discussed  and 
loss  and  strength  results  are  reported.  Also  life 
time  considerations  for  the  splices  based  on 
stress  corrosion  measurements  are  included,  and 
finally  the  field  experience  obtained  during  the 
last  3  years  is  reported. 


TECHNOLOGY 

A  commercial  fusion  splice  system  FSU850  from 
Ericsson  is  utilized  for  splicing  the  fibers. 
Local  injection  is  applied  for  positioning  of  the 
two  fiber  cores.  Before  splicing  a  few  mm  of 
coating  is  removed  and  the  fiber  is  cut  with  a 
commercial  FK  11  fiber  cleaver  from  York. 

After  the  splice  process  the  coating  is  re-estab¬ 
lished  around  the  splice  point  by  positioning  of 
the  spliced  fiber  in  a  precision  made  tube,  which 
is  then  filled  with  the  same  UV-curable  acrylate 
as  is  used  as  the  secondary  coating  on  the  D-LUX 
100  P/S  dual  layer  coated  fiber.  Finally,  the 
coating  is  cured  by  UV  light  and  the  splice  point 
is  proof tested  for  1  sec  at  a  level  of  1.5  times 
the  prooftest  level  of  the  fiber,  typically  1.5 
percent. 

The  outer  diameter  of  the  re-established  coating 
is  nominally  400  pm  and  it  extends  in  length  to 
cover  also  part  of  the  250  pm  fiber  coating,  see 
figure  below.  Thereby  the  glass  surface  becomes 
well  protected.  The  length  of  the  re-established 
coating  is  approximately  2  cm. 


400  mix  re-established  coating 

-  250  nm  coating 

. — — — -  125  nm  fiber 


The  coating  stripping  and  re-establishing  pro¬ 
cesses  ensure  good  adhesion  to  the  original  coa¬ 
ting  so  that  even  hard  bending  of  the  fiber  at 
the  splice  point  will  not  allow  e.g.  water  to 
penetrate  to  the  fiber. 

As  expected  for  most  cable  constructions,  specif¬ 
ically  for  slotted  core  and  loose  tube  cables, 
the  quality  of  the  re-established  coating  has 
been  observed  to  imply  the  same  smooth  cabling 
operation  as  for  non-spliced  fibers. 
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LOSS  AND  STRENGTH  RESULTS 

Fig.  1  shows  a  typical  loss  distribution  at  1300 
nm  and  1550  nm.  The  average  splice  loss  is 
approximately  0.07  dB  at  both  wavelengths  as 
measured  by  2  way  OTDR.  Loss  is  defined  as  the 
average  of  the  0T0R  readings.  These  figures 
represent  values  from  production,  where  a  typical 
specification  is  0.15  dB  or  for  tighter  specified 
products  0.10  dB  splice  loss. 


|  Splice  loss  at  1310  nm 

j  2-way  otdr  measurement _ 
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Fig.  2  Weibull  distributions  for  the  splices  as 
obtained  at  different  strain  rates:  N  x 
0.125  mm/min,  N  =  1,  10,  100,  1000 


Splice  loss  at  1550  nm 

2-way  otdr  measurement 


Fig.  1  Splice  loss  distributions  at  1300  nm  and 
1550  nm  as  measured  by  two  way  OTDR  (pro¬ 
duction  results) 


The  splice  machine  settings  (fusing  current  and 
fusing  time)  are  optimized  to  achieve  maximum 
strength.  If  loss  was  to  be  minimized  a  slight 
strength  reduction  may  be  observed. 

Fig.  2  shows  the  strength  of  the  splices  as 
measured  at  different  loading  rates  in  a  tensile 
strength  test  machine  from  Instron.  Average 
strength  is  in  excess  of  2  percent. 


LIFE  TINE  OF  SPLICES 

When  calculating  life  time  or  time  to  failure  for 
optical  fibers  a  stress  corrosion  model  is  often 
used,  1-3).  Based  on  the  actual  prooftest  level 
of  the  fiber  the  fiber  life  time  can  be  calcu¬ 
lated  either  on  a  statistical  basis  1)  or  as  a 
guaranteed  minimum  life  time  based  on  the  proof- 
test  of  the  fiber,  2-3).  For  both  approaches  the 
key  factor  in  the  calculation  is 

(Sp/Ss)" 

Ss:  static  appled  stress  in  the  field 

Sp:  prooftest  level 

n  :  stress  corrosion  exponent 

Since  n  typically  is  in  the  range  of  18-25  for 
commercial  fibers  the  life  time  is  very  sensitive 
to  the  static  load  applied  to  the  fiber.  Normally 
a  30  years  life  time  is  expected  if  Ss  is  kept 
below  25-30  %  of  the  original  prooftest  level  for 
fibers  with  an  n  value  of  e.g.  23,  which  is  a 
typical  value  today. 

For  the  splices  a  stress  corrosion  exponent  n  = 
18  ±  2.5  was  obtained  by  measuring  the  strength 
as  function  of  loading  rate  and  using  fitting  to 
Weibull  curves  to  minimize  the  effect  of  the 
somewhat  high  standard  deviation  of  the  results, 
see  fig.  2,3. 
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CONCLUSION 


ln(ff(50%),N) 


ln(  a  ,mm/mln) 


Fig.  3  Determination  of  stress  corrosion  exponent 
by  plotting  In  (loading  rate)  versus 
In  (F  =  50%)  and  making  a  least  squares 
fit. 


The  reason  for  the  lower  n  value  of  the  splice 
point  than  the  n  =  25  for  the  D-LUX  100  P/S  dual 
coated  fiber  may  be  caused  by  different  glass 
history  or  that  the  splice  is  recoated  using  a 
hard  single  coating,  namely  the  same  coating  as 
is  used  as  the  secondary  coating  on  the  fiber.  To 
compensate  for  the  slightly  lower  n  value  than 
the  n  *  23  used  in  most  life  time  calculations  it 
was  decided  to  prooftest  the  splices  at  1.5  times 
the  prooftest  level  of  the  fiber.  According  to 
above  for  a  1  %  prooftested  fiber  the  same  life 
time  of  30  years  will  then  result  when  loading 
the  fiber  or  the  splice  to  the  extreme  of  0.3  % 
static  load. 

The  impact  of  the  single  layer  of  coating  at  the 
splice  point  on  the  temperature  window  of  the 
fiber  is  considered  to  be  negligible  because  of 
1)  the  very  short  length  of  fiber  coated  with 
single  coating  and  2)  our  experience  with  long 
length  of  single  coated  fibers  with  good  tempera¬ 
ture  performance.  The  same  arguments  apply 
regarding  microbending  sensitivity. 


Factory  spliced  optical  fibers  have  been  success¬ 
fully  implemented  and  introduced  on  the  market¬ 
place  for  primary  coated  optical  fibers  with  the 
positive  impact  on  cable  cost,  flexibility,  yield 
and  possible  continuous  cable  length  >  50  km. 

Average  splice  loss  is  0.07  dB  at  both  1300  nm 
and  1550  nm  and  average  strength  is  in  excess  of 
2  % 

The  stress  corrosion  exponent  n  =  18  for  the 
splices  has  been  measured  by  dynamic  fatigue. 
This  figure  is  within  the  range  of  expected 
values.  To  compensate  for  the  difference  of  n 
between  the  splice  and  the  fiber  the  splice 
prooftest  level  was  set  at  1.5  times  the  proof- 
test  of  the  fiber.  This  ensures  that  the  same 
minimum  life  time  of  30  years  will  result  for  a  1 
%  prooftested  fiber  and  a  1.5  %  prooftested 
splice,  when  being  exposed  to  the  extreme  of  0.3 
%  static  load. 

An  extensive  field  experience  with  more  than  5000 
factory  splices  being  cabled  and  installed  during 
the  last  3  years  with  no  observed  failures  during 
installation  or  operations  heavily  supports  that 
factory  spliced  fibers  are  as  reliable  and  as 
easy  to  cable  as  non-spliced  fibers. 
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FIELD  EXPERIENCE 

During  the  last  3  years  LYC0M  A/S  factory  spliced 
fibers  have  been  cabled  and  delivered  to  diffe¬ 
rent  markets.  About  5000  factory  splices  are  in 
cables  in  operation  in  Denmark.  Also  a  signifi¬ 
cant  amount  of  our  factory  splices  have  been  in¬ 
stalled  internationally.  So  far  no  failures  or 
problems  have  been  reported. 

In  addition  our  factory  splices  have  also  been 
widely  utilized  for  manufacturing  of  long  conti¬ 
nuous  length  of  submarine  cables. 
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Abstract 

We  developed  a  novel  and  simple 
mechanical  splice  for  single  mode  2- 
fiber  ribbon  in  preparation  for  a  higher 
diffusion  of  optical  fiber  subscriber 
networks  in  future.  The  novel 

mechanical  splice  has  a  mean  splice  loss 
of  0.54  dB  and  the  average  assembly  time 

for  splicing  including  the  time 

necessary  for  UV  adhesive  curing  is  less 
than  3  minutes.  By  using  an  assembly 
tool  provided  for  the  purpose,  the 

mechanical  splice  can  be  mounted  at  site 
without  any  special  skills  and  can 
achieve  a  uniform  quality. 

1.  Introduction 

When  optical  fiber  subscriber 
networks  reach  all  the  households  in 
Japan  in  the  near  future,  information 
unprecedented  in  quality  and  volume  will 
become  easily  accessible.  Such  optical 
fiber  networks,  however,  is  difficult  to 
build  unless  the  technology  to  connect 
optical  fibers  as  easily  as  those  used 
currently  for  copper  cables  is 
established.  Anticipating  such  needs, 
we  developed  a  mechanical  splice  which 
can  be  attached  easily  and  quickly  at 
site  anu  a  method  of  assembling  the 
splice. 

2.  Structure 

Fig.  1  shows  the  appearance  of  a 
connector. 


Fig.1  Connector 


The  main  body  has  two  thin  ferrules 
molded  with  rubber.  The  outer  diameter 
of  a  ceramic  ferrule  is  1.0  mm  which  is 
40  96  of  the  currently  prevailing  FC  type 
ferrule  of  2.5  mm  outer  diameter. 
Successful  reduction  of  the  ferrule 
diameter  enabled  us  to  develop  a 
connector  which  is  smaller  in  size, 
lighter  in  weight  and  easier  in 
handling.  (Size:  10  x  15  x  5) 

The  ferrules  are  manufactured  at  a 
higher  precision  in  order  to  achieve  low 
splice  losses.  The  eccentricity  between 
the  center  of  the  ferrule  outer  diameter 
and  the  center  of  the  hole  remained  at 
0.7  urn  or  less,  which  is  comparable  to 
the  FC  type.  The  main  body  is  molded  of 
rubber  in  order  to  permit  slight 
independent  movements  of  ferrules  when 
they  are  being  connected.  As  the 
ferrules  are  allowed  to  move 
independently,  they  can  be  precisely  and 
smoothly  inserted  respectively  into  a 
sleeve  in  alignment. 

The  rubber  body  also  contracts  in 
ferrules  axis  in  order  to  compensate  a 
gap  between  the  mating  surfaces  of  two 
ferrules . ( Fig . 2 ) 


Fig.  3  shows  the  structure  of  a 
mechanical  splice.  A  mechanical  splice 
comprises  two  pairs  of  connectors,  a 
plastic  adaptor  and  a  clamp  spring. 
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3-1  Separation  of  fibers 

A  2-fiber  tape  is  splitted  into 
single  fibers  at  the  connector 
attachment  section.  (Fig.  6-a) 


Fig.  6-a 


3-2  Cutting  of  fibers 

As  the  connectors  are  not  polished, 
fibers  are  cut  by  a  high  precision 
cutter  to  make  the  fiber  end  face 
vertical.  (Fig.  6-b) 


Fig.  6-b 


3-3  Insertion  of  fibers 

Fibers  are  set  together  with  a 
fixing  jig  on  an  assembly  jig  and 
inserted  by  rotating  a  cam  and  advancing 
a  slider.  The  jig  is  quite  effective 
for  insertion  although  the  fiber 
Insertion  work  usually  requires  certain 
skills  and  experiences,  the  fiber  end 
face  and  the  connector  end  face  are 
aligned  by  butting  them  on  the  glass 
surface  on  the  jig.  (Fig.  6-c) 


Fig.  6-c 


3-4  Attachment,  fixation 

As  fibers  fixed  with  a  UV  adhesive, 
the  time  required  for  curing  is  as  short 
as  1  minute.  (Fig.  6-d) 


Fig.  6-d 


4.  Positional  Precision  on  Fiber 
End  Face 

The  mating  surface  of  a  ferrule  and 
the  cut  face  of  a  fiber  are  positioned 
on  the  same  plane  on  the  glass  surface 
of  the  assembly  jig  and  are  adhered 
together  with  a  UV  adhesive.  We 
succeeded  in  maintaining  the  positional 
precision  of  the  fiber  end  face  against 
the  ferrule  mating  face  within  the  range 
of  +10  um  to  -30  urn.  Fig.  7  shows  the 
data  obtained  by  the  measurement  of  the 
fiber  positions  on  the  ferrule  mating 
face. 


OX-J& 


Fig.  7  The  fiber  position  on  the  ferrule  mating  face 


5.  Evaluation  Test 

In  order  to  verify  the  reliability 
of  the  splice,  we  conducted  various 
evaluation  tests  and  confirmed  that  the 
splice  was  satisfactory  for  practical 
purposes. 
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5-1.  Connection  test 

We  used  a  ferrule  of  126-0  um  inner 
diameter,  and  fibers  of  124.5  um  outer 
diameter.  We  designed  connectors  for 
outdoor  use  which  allows  insertion  of 
125llum  fibers  for  this  trial  manufacture. 
If  a  lower  splice  loss  is  required, 
ferrules  of  several  different  diameters 
should  be  prepared  and  an  adequate  size 
should  be  selected  from  them.  As  there 
are  fluctuations  in  the  interval  distance 
between  fiber  end  faces,  we  used  matching 
oil  of  a  low  viscosity.  The  mean  splice 
loss  obtained  was  0.54  dB  and  the  maximum 
loss  was  1.1  dB.  A  lower  splice  loss  is 
expected  if  the  movement  allowance  is 
increased  for  two  pairs  of  ferrules  in  a 
rubber  mold. 


5-2.  Attachment  /  detachment  test 

Attachment/detachment  test  was 
conducted  continuously  for  100  times  to 
verify  the  ferrule  strength  and 
attachment  face  strength.  (Fig.  9) 


In  the  tests,  end  faces  were  cleaned 
once  every  10  tests,  and  splice  losses 
were  measured.  Even  if  a  fiber  end  face 
projected  by  ca.  10  um,  the  fiber  end 
face  did  not  crack  or  break  in  normal 
operations . 


5-3.  Impact  test 

Splices  in  the  connected  state  were 
dropped  from  the  height  of  1  meter  to 
the  concreto  floor  for  10  times  in  order 
to  study  changes  in  splice  losses.  As 
the  weight  of  a  connector  itself  was 
light,  it  did  not  break.  (Fig.  10) 


5-4.  Tensile  test 

We  used  a  UV  adhesive  in  order  to 
shorten  the  curing  time.  The  fiber 
fixing  force  of  adhesives  was  measured 
and  an  appropriate  UV  adhesive  was 
selected.  Among  UV  adhesives,  we 
selected  one  having  the  maximum  tensile 
strength.  If  the  adhesive  has  the 
minimum  of  0.7kg  tensile  strength,  the 
fibers  would  not  slip  out  during  normal 
connection  works.  (Fig.  11) 


Tensile  strength  (kgf) 


Fig.  1 1  Tensile  test 
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5-5.  Vibration  test 

A  vibration  test  was  conducted  in  3 
directions  for  2  hours  each  by  sweeping 
at  amplitude  of  1.5  ram  and  the  frequency 
of  from  10  to  55  Hz.,  and  changes  in 
losses  were  measured.  No  optical 
degradation  was  observed  for  vibration. 
(Fig.  12) 


Fig.  12  Vibration  test 


5-6.  Temperature  cycle  test 

Under  the  temperature  of  from  -30* C 
to  +60* C  and  6  hours/cycles,  samples 
were  subjected  to  10  cycles  of 
temperature  changes,  and  changes  in 
losses  were  measured.  A  loss  increase 
of  0.28  dB  at  maximum  was  occurred  at 
low  temperatures . (Fig.  13) 


J 


Fig.  13  Temperature  cycle  test 


5-7.  High-temperature  and  high-humidity 
test 

Under  the  conditions  of  60* C  and  90X 
RH,  samples  were  left  standing  for  100 
hours  and  changes  in  losses  were 
measured.  Loss  change  was  as  low  as  0.2 
dB  or  less. 

(Fig.  14) 


Fig.  14  Hlgh-temperature  and  hlgh-humldlty  test 


6.  Conclusion 

(1)  We  developed  a  single  mode  2-fiber 
mechanical  splice  for  easier  splicing. 

(2)  We  succeeded  in  obtaining 
satisfactory  properties  of  the  splice 
such  as  the  mean  splice  loss  of  0.54  dB 
and  the  mean  assembly  time  of  3  minutes. 
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Abstract 

This  paper  reports  the  character¬ 
istics  of  mass  fusion  splicing  of  carbon 
coated  optical  fiber  (CCF)  ribbon  .  It 
was  reported05  that  when  a  pair  of  CCF 
was  fusion-spliced  using  a  direct-core- 
monitoring  fusion  splicer,  the  carbon 
layer  removing  process  was  necessary  in 
order  to  monitor  the  cores.  However  in 
mass  fusion  splicing  the  cores  are  not 
monitored.  Hence  the  effects  of  carbon 
layer  removing  process  to  the  mass  fusion 
splicing  properties  were  investigated. 
According  to  the  experimental  results,  it 
was  found  that  the  CCF  ribbon  was  able  to 
be  spliced  with  as  low  splice  loss  as  the 
standard  fiber  ribbon,  whether  or  not  its 
carbon  layer  was  removed  before  fusion 
splicing  process. 


1. Introduction 

Recently  the  optical  fiber  properties 
have  been  improved  by  coating  a  certain 
kind  of  materials  on  the  fiber  surface. 
It  has  been  reported  that  a  hermetically 
carbon  coated  fiber  has  an  excellent 
characteristics  against  hydrogen  Induced 
loss  increase  and  mechanical  fatigue ca5. 
The  original  failure  strength  of  the  CCF 
has  increased  to  the  level  of  the  standard 
fiber.  An  application  of  the  cable 
composed  of  CCFs  was  proposed  to 
submarine  cables  to  take  advantage  of 
these  properties.  Also  a  structure  of 
high  fiber  count  density  cable  composed  of 
CCF  ribbons  was  proposed <3>. 

The  splicing  technologies  should  be 
developed  for  these  newly  developed 
cables.  Recently  the  mass-fusion  splicing 
technique  is  getting  popular  because  of 
its  economy  dut  to  the  short  splice  time 
and  the  small  reinforcement  size  as  well 
as  its  low  splice  losses.  The  CCF  ribbons 


and  the  standard  fiber  ribbons  were  mass 
fusion  spliced  respectively  and  the 
characteristics  about  the  splice  loss  and 
the  failure  strength  were  compared. 


2.  Sample  fiber  ribbon 

Fig.  1  shows  the  cross  section  of 
4-CCF  ribbon.  The  dimension  of  4-standard 
fiber  ribbon  was  the  same  as  that  of  the 
CCF  ribbon.  The  geometrical  parameters  of 
the  fiber  are  shown  in  Table  1.  The 
original  failure  strength  of  CCF  was  about 
6  Kgf  on  the  average.  This  value  was 
equal  to  that  of  standard  fibers.  In  the 
following  experiments,  both  the  CCF 
ribbons  and  the  standard  fiber  ribbons 
were  spliced  using  a  commercially  standard 
mass  fusion  splicer. 


Fig.1  The  structure  of  CCF  ribbon 


Table  1  The  parameters  of  the  fiber 


Parameters 

Value 

Cladding  diameter 

125  Mm 

M.F.D 

10  Mm 

Core  eccentricity 

<1.0  Mm 
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3.  Procedure  of  splicing 

Fig.  2  denotes  the  procedure  of  mass 
fusion  splicing. 


CASE  8 
CCF  RIBBON 

I  Jacket  removing  | 
[Cleaving  | 

|  Carbon  layer  removing] 

|  Mass  fusion  splicing  | 

T 

Measuring  of  splice  loss 
and  failure  strength 


CASE  AJUL 

CCF  RIBBON  & 
STANDARD  FIBER  RIBBON 

I  Jacket  removing  | 

|  Cleaving  | 

iMass  fusion  splicing] 


Measuring  of  splice  loss 
and  failure  strength 


Fig.2  Procedure  of  splicing 


(i)  Jacket  removing  and  cleaving 

Initially  the  jacket  of  UV  curable 
resin  was  removed  using  a  standard  jacket 
remover  with  hot  iron.  Then  the  fibers 
were  wiped  with  gauzes  soaked  with  ethyle 
alcohol,  and  cleaved  using  a  standard 
mass  cleaver.  Special  adjustments  for  the 
CCF  cleaving  were  not  necessary. 

(ii) Carbon  layer  removing  (CASE  B  in 
Fig.  2) 

About  3  mm  length  of  carbon  layer 
from  the  cleaved  end  were  removed  by 
burning  off  with  electrical  discharge. 
The  removing  process  of  carbon  layer  was 
performed  by  a  newly  developed  equipment. 

The  discharge  power  for  removing  was 
kept  lower  than  that  for  normal  splicing 
because  high  power  discharge  melted  a 
fiber  end  faces  too  much  and  increased  a 
splice  loss  when  they  were  spliced.  Fig. 
3  shows  an  appearance  of  the  fiber 
before/after  the  carbon  layer  removing 
process.  Any  carbon  residual  could  not  be 
observed  or  detected  by  Energy  Dispersive 
X-ray  analyzer  (Fig.  4)  at  all.  From  these 
results,  it  was  clear  the  carbon  layer  was 
removed  completely. 


(iv)Measuring 

After  the  CCF  ribbon  was  spliced,  the 
splice  loss  and  the  failure  strength  were 
measured.  The  splice  losses  were  measured 
at  1.3  micron  region.  The  failure 
strength  is  defined  as  the  tensile  load 
that  the  first  breakage  among  the  4  fiber 
occurcd.  The  strain  rate  was  2.5  Vmin 
and  the  gauge  length  was  200  mm. 


(a)  Before  removing 


(b)  After  removing 


Fig.3  The  pictures  of  CCF  ribbon 
through  a  microscope 


(iii)Mass  fusion  splicing 

Fiber  ribbons  were  mass  fusion 
spliced  using  mass  fusion  splicer. 
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(b)  After  removing 


Fig.4  The  results  of  EDX  analysis 


4.  Experimental  results 
(i)Splice  loss 

Fig.  5  shows  the  distribution  of 
splice  loss.  The  avarage  splice  losses 

(  a  i) 

and  the  standard  deviations  (a  i )  are 
listed  in  Table  2. 


Table  2.  A  list  of  splice  loss 


a  i  (dB) 

a  i  (dB) 

CASE  A 

0.04 

0.03 

CASE  B 

0.04 

0.03 

CASE  C 

0.04 

0.03 

CASE  A:  Standard  fiber  ribbon 
CASE  B:CCF  ribbon  with  removing  process  of 
carbon  layer 

CASE  C:CCF  ribbon  without  removing  process 
of  carbon  layer 

Comparing  the  results  of  CASE  B  and 
CASE  C  with  the  result  of  CASE  A,  it  could 
be  said  that  the  former  were  almost  equal 
to  the  latter.  Even  in  CASE  C,  exactly 
the  carbon  layer  was  removed  just  before 
splicing;  that  is  ,  the  CCFs  were  exposed 
in  the  electric  discharge  during  very 
short  time  of  0.2  seconds  before  the 
mating  fibers  make  a  contact. 


(b)  CCF  ribbon  (with  removing)  (c)  CCF  ribbon 

(without  removing) 


Fig.5  Distributions  of  splice  loss 
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(ii)Fallure  strength 

Fig.  6  shows  the  distribution  of 
failure  stength  at  the  spliced  points  on  a 
Welbull  chart.  The  average  failure 

strengths  (x-r)  and  the  standard  deviations 
(  a  -t)  are  listed  in  Table  3. 


Table  3.  A  list  of  failure  strength 


x-r  (Kgf ) 

a  t (Kgf) 

CASE  A 

2.26 

0.39 

CASE  B 

2.73 

0.60 

CASE  C 

3.50 

0.73 

CASE  A:  Standard  fiber  ribbon 
CASE  B:  CCF  ribbon  with  removing  process 
of  carbon  layer 

CASE  C:CCF  ribbon  without  removing  process 
of  carbon  layer 

The  Xt  of  each  CASES  (A,B  and  C)  was 
arranged  in  order  of  strength  as  following 
inequality. 

CASE  A  <  CASE  B  <  CASE  C 


Fig  6  Weibull  plots  of  failure  strength 


These  differences  can  be  attributed 
as  follows. 

The  longer  the  bare  fiber  region  is 
exposed,  the  higher  the  probability  of 
fibers'  physical  contact  with  the  ambient 
articles  becomes.  Namely,  the  failure 
probability  depend  upon  the  bare  fiber 
length.  From  this  view  point,  the  extra 
step  for  removing  the  carbon  layer  is  not 
necessary  for  the  CCFs. 


5.  Conclusion 

(1) The  CCF  ribbons  could  be  mass  fusion 
spliced  using  a  commercially  standard  mass 
fusion  splicer  with  as  low  splice  loss  as 
the  standard  fiber  ribbon. 

(2) The  spliced  CFF  fiber  ribbons  without 
the  removing  process  of  carbon  layer  was 
stronger  than  that  with  the  process. 
However  there  was  not  a  significant 
difference  of  failure  strength  between  the 
standard  fiber  ribbon  and  the  CCF  ribbon 
with  the  removing  process. 

(3) From  the  view  of  mass  fusion  splicing 
technique  the  CCF  ribbon  could  be  spliced 
with  the  same  procedure  as  the  standard 
fiber  ribbons,  and  the  extra  step  for 
removing  the  carbon  layer  is  not 
necessary. 


References: 

(1) K.  Osaka  et.  al.,  "Fusion  splicing 
characteristics  of  hermetically  carbon 
coated  fiber”,  ECOC  90. 

( 2 )  H .  Aikawa  et.  al.,  "Characteristics 

of  Carbon  Coated  Optical  of  Carbon 
Coated  Optical  Fiber",  0EC’90 

(3) N.  Yoshizawa  et.  al.,  "A  one-hundred- 
fiber  submarine  cable  composed  of 
hermetically  coated  fiber  ribbons 
inserted  into  slots."  ,  Proc.  of  38th 
IWCS,  1989 


International  Wire  &  Cable  Symposium  Proceedings  1990  297 


Tsutomu  Watanabe 


Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,,  Japan 


Tsutomu  Watanabe  was  born  In  1964  and 
received  his  B.S.  degree  in  mechanical 
engineering  form  Tokyo  University  in  1987. 

He  Joined  sumitomo  Electric  the  same  year 
and  has  been  enagaged  in  research  and 
development  of  fusion  splice  technology. 
He  is  a  member  of  Japan  Society  of 
Mechanical  Engineers. 


Keijl  Osaka 

Sumitomo  Electric 
Industries,,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Kelji  Osaka  was  born  in  1955  and  received 
his  M.S.  degree  in  precision  mechnlcal 
engineering  from  Kyoto  University  in  1981. 

He  joined  Sumitomo  Electric  Industries 
the  same  year  and  has  been  engaged  in 
research  and  development  of  automated 
fusion  splicing  technology.  He  is  now  a 
staff  member  of  Communications  R&D  Dept. 
Yokohama  Research  Labs,  and  a  member  of 
the  Institute  of  Electronics,  Information 
and  Communication  Engineers  of  Japan. 


Toru  Yanagi 


Sumitomo  Electric 
Industries,  Ltd. 


1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Toru  Yanagi  was  born  in  1939.  He  Joined 
Sumitomo  Electric  Industries  in  1964  and 
has  been  engaged  in  research  and 
development  of  fusion  splice  technology. 
He  is  a  member  of  the  Institute  of 
Electronics,  Information  and  Communication 
Engineers  of  Japan. 


Yoichi  Ishiguro 

Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Yoichi  Ishiguro  was  born  in  1957.  He 
received  the  B.S.  degree  in  applied 
physics  from  University  of  Tokyo  in  1981 
and  the  M.S.  degree  in  applied  physics 
from  Tsukuba  University  in  1983.  He 
joined  Sumitomo  Electric  in  the  same  year 
and  has  been  engaged  in  research  and 
development  of  fiber  fabrication.  He  is  a 
member  of  the  Japan  Society  of  Applied 
Physics. 


Yasuo  Asano 

Sumitomo  Electric 
Inudstries,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Yasuo  Asano  received  his  B.S.  degree  in 
mechnlcal  engineering  from  Waseda 
University  In  1968.  He  joined  Sumitomo 
Electric  Industries  in  1971  and  has  been 
engaged  in  development  of  communication 
cable  jointing  technologies.  He  is  now  a 
Chief  research  associate  of  Communication 
R&D  Dept  Yokohama  Research  Laboratories 
and  a  member  of  Japan  Society  of  Mechnlcal 
Engineers  and  the  Institute  of 
Electronics,  Information  and  Communication 
Engineers  of  Japan. 


298  International  Wire  &  Cable  Symposium  Proceedings  1990 


PREDICTION  OF  BLOWING  VELOCITY  AND  DISTANCE 


IN  AIR  BLOWN  FIBER  CABLING  SYSTEM 


Y.  Terasawa  H.  Sano  S.  Tanaka 

Sumitomo  Electric  Industries,  Ltd. 
Yokohama,  Japan 


1.  Introduction 

The  Air  Blown  Fiber  (ABF)  Cabling  System  is  a 
new  optical  fiber  cable  installation  technique 
which  blows  a  fiber  bundle  into  a  previously 
installed  tube  by  compressed  air.  This  technique 
was  proposed  by  British  Telecom  Research 
Laboratories  (BTRL)  in  1983.  Fig.l  and  Fig.2  show 
the  equipments  of  /BF  Cabling  System  and  the 
fiber  bundle  cross  section  structure, 
respectively.  The  fiber  bundle  diameter  is  2mm 
and  tube  inner/outer  diameters  are  6/8mm.  The 
fiber  bundle  is  blown  into  the  tube  by  the  blowing 
head,  together  with  compressed  air  fed  from  the 
compressor,  and  Is  drawn  through  the  tube  by  the 
viscous  drag  of  the  air.  The  ABF  Cabling  System 
has  the  following  characteristics; 

©  Fibers  are  splice-f>  ;e  at  the  point  of  cable 
junction  by  jointing  the  tubes  at  the 
necessary  length  in  advance.  This 

dramatically  reduces  the  number  of  optical 
fiber  splices. 


compressor 


fig.l  Equipments  of  ABF  Cabling  System 


©  Since  the  blowing  force  is  distributed  over 
the  entire  length,  almost  no  tensile  stress 
causes  to  the  fiber  bundle  during 
installation. 

©  An  fiber  bundle  can  be  blown  into  an  existing 
tube  has  been  Installed  In  the  section  where 
the  need  for  an  optical  fiber  ltne  is 
expected.  This  allows  the  user  to  avoid 
over-installation  of  optical  fibers  and 
reduces  the  initial  cost. 

Therefore  the  ABF  Cabling  System  has  drawn  the 
attention  for  wiring  in  a  building. 

Though  the  blowing  characteristics  of  ABF  are 
very  important  element  to  design  the  blowing 
route,  there  have  been  no  report  on  the 
quantitative  relations  that  predicts  the  blowing 
performance  by  calculation.  Therefore  the 
blowing  route  was  designed  on  experience  base. 

In  this  paper  we  report  the  theoretical 
prediction  of  the  blowing  performance  of 
horizontal  and  vertical  routes  by  analyzing  the 
blowing  force  on  a  fiber  bundle.  The  change  of 
blowing  velosity  can  be  calculated  under  the 
given  conditions  of  air  pressure  and  tube  lengths. 


Fig.2  Cross  Section  Structure 
of  Fiber  Bundle 
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The  accuracy  of  results  are  within  ±20$.  As  a 
result  of  this  study  It  has  become  possible  that 
the  blowing  route  Is  designed  with  calculation. 
Chapter  2  describes  the  theoretical  Investigation 
of  blowing  force  on  a  fiber  bundle.  Chapter  3  and 
4  describe  the  derivation  of  expression  of  a 
blowing  performance  on  a  horizontal  route,  and 
that  on  a  vertical  route,  respectively. 

2.  Aerodynamic  Analysis  In  ABF  Tube 
2-1  Blowing  Force  on  Fiber  Bundle 

Before  analyzing  blowing  characteristics,  we 
describe  the  blowing  force  on  a  fiber  bundle  In 
this  section. 

When  a  f'ber  bundle  exists  at  the  center  In 
the  tube,  blowing  force  per  unit  length  (f)  Is 
given  by  the  following  equation: 

f-  ftdttk  dp 

4  dl  "U; 

where  dj  and  da,  as  shown  In  Fig.3,  Indicate  the 
tube  Inner  diameter  and  the  fiber  bundle  outer 
diameter,  respectively. 


Fig.3  Tube  and  Fiber  Bundle  Sizes 


dp/dl  Indicates  the  pressure  gradient  in  the  tube. 
Because  all  terms  except  dp/dl  in  equation  (1)  are 
constant,  blowing  force  (f)  is  In  proportion  to 
only  dp/dl.  Pressure  gradient  (dp/dl)  is  not 
uniform  over  the  entire  length  of  the  tube, 
because  air  is  compressible  fluid.  Since  the 
insertion  length  of  the  fiber  bundle  is  gradually 
growing,  the  tube  effective  clearance  changes  by 
each  position.  Therefore  the  blowing  force  vary 
in  relation  to  the  insertion  length.  There  has 
been  no  report  on  the  theoretical  analysis  of 
blowing  force  change  as  a  function  of  pressure 
gradient  which  described  in  the  above  context.  In 
the  next  section,  the  theoretical  equation, 
expressing  the  pressure  gradient  in  the  tube,  is 
derlvated. 


2-2  Pressure  Gradient  In  a  Tube 

It  Is  well  known  that  pressure  drop  of 
compressible  fluid  In  the  tube  is  described  as: 


.fijiljL  =  x  _1_  _Yq_ 

P0  dg  2 


•<2) 


where  Pi  Is  the  absolute  pressure  at  any  position 
in  the  tube,  P2  Is  the  absolute  pressure  at  the 
position  at  distance  1  drownstream  from  Pi.  po  Is 
the  mean  density  of  the  fluid,  K  is  coefficient  of 
friction  between  the  fluid  and  the  tube  Inner 
surface,  d  is  the  tube  Inner  diameter,  g  is  the 
gravitational  acceleration  and  V0  is  the  mean 
fluid  velocity.  From  equation  (2),  pressure  drop 
of  a  fiber  bundle  inserted  tube  can  be  calculated. 
Pressure  P(l)  at  the  1  from  the  tube  inlet  is  given 
by 


P(0  = 


P(l')  -Pf-2 


.1  |  p.  2 

1  T  “in 


(3) 


and  p(l’),  the  pressure  at  the  tip  of  optical  fiber 
bundle,  is  given  as: 


r(n_l  Pin2  di'<  (L-Q  +  Pqu,2  d, '  rjz 

1  d1“l'  +  d/?(L-r)  | 


(4) 


where  Pm  Is  the  absolute  pressure  at  the  tube 
Inlet,  Pout  Is  the  absolute  pressure  at  the  tube 
outlet  (atmospheric  pressure),  1*  is  the  insertion 
length  of  a  fiber  bundle,  di*  is  the  effective  tube 
diameter  of  a  fiber  bundle  Inserted  tube.  dt' 
equal  5.1mm,  under  the  standard  combination  of  di 
and  dE  of  G.Omm  and  2.0mm,  respectively.  In  this 
case,  supposed  equivalent  cross  section 
(=nd,'s/4)  is  81%  of  the  crealance  between  the 
fiber  bundle  outer  diameter  and  the  tube  inner 
diameter.  Symbols  are  shown  in  Fig.4. 

Fig.5  plots  the  theoretical  and  measured 
pressure  drop  distributions  when  a  500m  of  fiber 
bundle  Is  inserted  into  a  lOGOm  tube.  The 
theoretical  pressure  drop  distribution  shows  good 
agreement  with  the  measured  one,  which  means  that 
(4)  is  good  mode!  of  the  actual  pressure  drop 
distribution.  As  the  result  of  theoretical 
calculation,  the  pressure  gradient  |  dp/dl  I 
takes  the  minimum  value  at  the  tube  inlet,  and 
with  increasing  the  length  from  the  tube  inlet  (1), 
the  pressure  gradient  increases,  since  the 
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blowing  force  (f(l))  Is  proportional  to  dp/dl,  f(l) 
takes  the  minimum  value  at  the  tube  Inlet. 


Pin  PC)  P<*« 


Fig.5  Pressure  Drop  in  ABF  Tube 


2-3  Derivation  of  Blowing  Force  Equation 

From  equation  (1)(3)(4),  when  fiber  bundle 
Insertion  length  Is  1’,  blowing  force  (f(D)  per 
unit  length  at  the  length  1  from  the  tube  inlet  Is 
expressed  as: 


f(D  = 


_  xdidz  P(  1')2-pj"2 

8  r 


2  Pn-Pd')2 


(5) 


Fig.6  shows  the  calculation  of  the  blowing  force 
distribution  at  Pm=8kg/(rf  when  Insertion  length 
(1*)  is  250m,  500m  and  1000m.  At  the  fixed  point  of 


distance  1,  blowing  force  (f(l))  becomes  smaller 
with  increasing  the  insertion  length  of  the  fiber 
bundle. 


tube 

fiber  bundle 


Fig.6  Calculation  of  Blowing  Force 


3.  Prediction  of  Blowing  Velocity  on  Horizontal 
Route 

3-1  Modeling  of  Blowing  Condition 

Blowing  behavior  is  decided  by  the  relation 
between  blowing  force  and  resistant  force 
consisting  of  friction.  It  is  presumed  that  the 
resistant  force  is  uniform  at  each  part  of  a  fiber 
bundle  because  each  part  of  a  fiber  bundle  moves 
at  the  same  velocity.  On  the  other  hand,  a 
blowing  force  takes  the  minimum  value  at  the  tube 
Inlet.  Fig. 7  shows  the  schematic  model  of  the 
blowing  force  (f(l))  and  the  resistant  force  (f(V)) 
per  unit  length  In  the  tube.  Since  the  resistant 
force  is  presumed  to  depend  on  blowing  velocity, 
it  Is  symbolized  by  F(V).  The  blowing  force  at  the 
tube  Inlet  (1=0)  Is  given  from  equation  (5)  by  the 
following  expression: 


f(0)  = 


_  7T  d|  d2  fin2~p(ll) 


p.  - 1 
“in 


(6) 


International  Wire  &  Cable  Symposium  Proceedings  1990  301 


blowing  head  ADC..^. 


F(V)  F(V) 


Fig.7  Force  Balance  in  ABF  Tube 

Thus  the  equation  of  dynamic  balance  between 
blowing  and  resistant  forces  is  given  by: 

f(  0 )  =  F(  V )  -  (7) 


C 


Fig.8  Change  of  Blowing  Velocity 


If  the  resistant  force  F(V)  becomes  clear,  the 
blowing  velocity  will  be  predicted.  In  the  next 
section,  F(V)  will  be  formulated  by  experimental 
data. 


3-2  Prediction  of  Blowing  Velocity 

Fig.8  shows  the  measured  blowing  velocities 
for  diore  than  20  combinations  of  various  blowing 
conditions:  tube  length  of  200~  1000m  and  blowing 
pressure  of  3.5~9.0kg/cnf.  From  this  figure,  F(V) 
Is  calculated  as  a  function  of  the  blowing 
velocity  (V)  by  substituting  the  measured  results 
Into  equation  (7).  FIg.9  summarizes  the  calculated 
relationship  between  F(V)  and  V.  There  exists  a 
unique  relation  between  F(V)  and  V  Independent  of 
the  tube  length  and  the  blowing  pressure,  as 
follows; 

F( V)  =  1.25  *  10'2 V  +  3.4  «  10" 1  •••(8) 

where  dimensions  of  F(V)  and  V  are  g/m  and  m/min, 
respectively.  From  equation  (6)(7)(8),  the  blowing 
velocity  V  is  predicted  by  the  following  equation, 
when  pressure  Pm,  tube  length  L  and  Insertion 
length  1'  are  given; 


V  =  80 


IS  1 

(Pta2-Pout2)dK _ .3  4X  |Q- 1 

diJ*r+di'?  (  l  -  r ) 


•■(9) 


Fig.9  Dependence  on  Blowing  Velocity 
of  Resistant  Force 


3-3  Verification  of  Calculation 

The  calculation  and  experimental  blowing 
velocity  are  shown  in  Fig.  10  for  the  case  of  tube 
length  L=400m  and  blowing  pressure  of  4kg/crf. 
Both  values  are  in  good  agreement.  Generally, 
discrepancy  between  calculation  and  experimental 
Is  found  within  20%,  for  the  various  combinations 
of  blowing  conditions.  Therefore  validity  of 
derivated  equation  in  confirmed. 

In  addition,  the  maximum  blowable  length  for 
the  given  pressure  can  be  calculated  by 
substituting  blowing  pressure  and  final  blowing 
velocity  in  (9).  Fig.  11  represents  the  maximum 
blowable  length  as  a  function  of  blowing 
pressure.  The  calculation  indicates  that  the 
blowing  a  more  than  a  1000m  fiber  bundle  Is 
possible.  Many  Installation  works,  blowing  more 
than  1000m  fiber  bundle,  are  already  practiced  In 
the  field. 
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Fig.10  Calculation  and  Experiment 
of  Blowing  Velocity  Change 


Blowing  Pressure  (kg/cm  2) 

a  ;  last  blowing  velocity  is  zero  (experiment) 

- ;  last  blowing  ve  loaty  is  zero  (calculation) 

. ;  last  blowing  ve  loaty  is  more  than  1 0m/min. 

(calculation) 


E 

a,  8 


j  Length  from  Tube  Inlet  (tn) 

^i>  \ 1  c 

fiber  bundle  ^ ,ube 


Fig.12  Blowing  Force  and 
Optical  Fiber  Unit  Weight 


the  fiber  bundle  weight  (in)  when  the  tip  of  fiber 
bundle  exists  In  the  vertical  part,  the  relation 
becomes  reversed  as  the  tip  of  fiber  bundle  Is  In 
the  horizontal  part.  Therefore  the  force  only  in 
the  vertical  part  can  not  explained  the  blowing 
phenomenon. 

The  fiber  bundle  In  the  vertical  part  is 
dragged  by  the  tension  from  horizontal  part. 
Assuming  this  effect,  the  force  balance  is 
expressed  as  follows; 

I  f(l)  dl  =  mH  +  L'F(V)  •  (10) 

Jo 


Fig.11  Blowable  Lengths 


4.  Calculation  of  Blowing  Performance  for  a  Route 
Including  Vertical  Part  at  Tube  Inlet 
4-1  Modeling  of  Blowing  Condition 

In  this  section  we  discuss  the  blowing  route 
shown  In  Fig.  12,  consisting  a  vertical  part  and  a 
succeeding  horizontal  part.  Since  the  weight  of  a 
fiber  bundle  adds  the  resistant  force  at  the 
vertical  part,  the  blowable  length  for  a  route 
which  includes  a  vertical  part  becomes  shorter 
than  that  for  a  horizontal  case.  The  relation 
between  the  blowing  force  and  the  fiber  bundle 
weight  under  the  condition  of  pressure  7kg/crf  and 
tube  length  of  260m  is  shown  in  Fig.12.  In  this 
case,  however  blowing  force  (f(l))  is  larger  than 


where  m  Is  the  fiber  bundle  weight  per  unit  length 
(=2g/ra),  H  is  the  vertical  part  length  and  L’  is  the 
"effective  dragging  length”  which  affect  the 
dragging  force  to  the  fiber  bundle  of  the  vertical 
part.  Derivation  of  L*  is  described  In  the  next 
section. 

4-2  Derivation  of  Effective  Dragging  Length 

We  extracted  the  experimental  relationship,  as 
shown  in  Fig.  13,  among  the  blowing  force  affecting 
to  the  vertical  part  (fH),  the  vertical  part  length 
(H)  and  the  blowing  velocity  V  by  measuring  under 
various  conditions,  H=10~45m  and  L=80~400m. 
Independent  of  the  tube  length  and  the  blowing 
pressure,  this  relationship  exist  universally.  The 
following  equation  Is  given  by  Fig.  13; 
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fH=l  f(l)  dl  =  (0.034H-0.15)V  +  (2.3H+10)  •••(11) 
;o 

where  dimension  of  fH  and  H  are  g  and  m/mln 
respectively.  From  equation  (3)  and  (11).  L*  can 
be  expressed  as  follows: 


L'  = 


Pd')2-Pin2 


Using  (10)  and  (12),  a  blowable  length  can  be 
calculated  for  the  given  pressure. 


Length  of  Vertical  part  H  (m) 

•  ■  a  ;  experiment 
-  ;  calculation 


Fig.14  Blowable  Hight  and  Length 
at  Each  Presaure 


Fig.13  Blowing  Force  in  Effective  Length 


4-3  Calculation  and  Verification  of  Blowable 

Condition 

Fig.  14  represents  the  calculated  relationship 
between  the  vertical  part  length  (II)  and  the  total 
tube  length  (L)  for  the  blowing  velocity  of  more 
than  lOm/min.  Here  the  blowing  pressures  are  5.0, 
7.0  and  9. Okg/cnf,  respectively.  As  the  vertical 
part  length  becomes  shorter,  the  blowable  length 
Increases.  Fig. 14  indicates  this  relation  tends  to 
saturate  as  the  vertical  part  length  becomes 
longer.  Experimental  results  shown  In  Fig.  14  (•, 
▲  ,  ■)  are  In  agreement  with  calculations.  As  the 
results  of  above  Investigation,  if  two  values  are 
given  among  of  L,  II  and  Pln.  another  one  can  be 
calculated.  In  addition,  the  change  In  blowing 
velocity  can  be  calculated.  Already  we  have 
achieved  a  upto  80m  vertical  blowing  In  building 
wiring  system. 


5.  Conclusion 

Equations  to  calculate  the  blowing  force  on 
fiber  bundle  was  derlvated  by  analyzing  the  air 
flow  In  the  ABF  tube  theoretically.  Using  this 
equation,  we  derived  the  prediction  method  of  the 
blowing  velocity  and  the  maximum  blowable  length 
for  a  horizontal  route  and  a  route  that  Includes  a 
vertical  part  at  the  tube  Inlet. 

In  the  case  of  a  horizontal  route,  calculation 
was  derived  by  the  equation  of  dynamic  force 
balance  at  the  tube  Inlet.  The  result  has  high 
accuracy  within  ±  20%  for  the  blowing  velocity  and 
the  maximum  blowable  distance. 

When  a  route  includes  a  vertical  part  at  the 
tube  inlet,  tension  effect  from  the  horizontal 
part  to  the  vertical  part  must  be  considered. 
Therefore  the  blowable  conditions  can  be 
calculated  with  three  parameters  of  blowing 
pressure,  tube  length  and  vertical  part  length. 
Calculations  and  experiments  are  In  good 
agreement. 

As  the  results  of  this  study,  the  prediction  of 
blowing  performance  by  the  calculation  has  first 
become  possible,  which  contributes  the  efficient 
and  high  accuracy  route  design  method  of  ABF 
cabling  system. 
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ABSTRACT  1. INTRODUCTION 

Air  Blown  Fiber  System  (ABF  system)  Is  a  new  More  than  15  years  have  passed  since  the 

system  to  Install  optical  fiber  which  was  proposed  optical  fiber  was  first  put  into  practical  use  as 

BTRL  in  1983.  Compared  with  the  conventional  a  communication  line.  The  optical  fiber  Is 

system,  the  ABF  system  has  many  advantages,  and  It  essential  for  public  communication  line.  Also  In 

has  been  already  put  Into  practice  to  optical  LAN  the  sphere  of  LAN,  the  optical  fiber  attracts 

using  all-glass  fiber.  public  attention,  and  Is  used  for  its  backbone 

Hard  clad-PCF,  on  the  other  hand,  has  line,  which  forms  the  trunk  of  the  network.  In 

excellent  characteristics  In  coupling  efficiency  these  years,  high-speed,  broad-band  transmission 

with  light  source,  because  of  Its  great  NA  of  information,  Image  transmission  in  particular, 

(Numerical  Aperture).  has  been  making  a  progress.  Optical  fibers  have 

The  authors  have  successfully  developed  HC-PCF  been  used  for  communication  of  branch  lines 

unit  for  ABF  system,  to  combine  HC-PCF  features  between  work  stations  and  local  stations.  In 

and  ABF  systems  ones.  HC-PCF  unit  Is  covered  with  general,  the  branch  lines  have  many  lines,  and 

primary  and  secondary  coatings.  The  primary  have  been  frequently  expanded  and  modified,  as 

coating  Is  made  of  a  material  having  small  Young's  work  stations  are  increased  and  displaced.  It  Is, 

modulus,  which  makes  it  possible  to  have  HC-PCF,  therefore,  very  Important  to  realize  an  efficient 

stable  in  transmission  characteristics.  In  and  cost-saving  system. 

addition  ,  with  the  HC-PCF  unit,  It  Is  possible  to  Air  Blown  Fiber  System  (ABF  System)  Is  a  new 

Install  optical  fiber  for  length  of  500  m  or  more  optical  fiber  Installation  system  BTRL  proposed  In 

by  single  operation.  The  unit  is  also  fully  1983.  The  system  construction  Is  given  In  Fig.  1. 

adapted  in  practice  to  short  links  such  as  optical  In  this  system,  a  pipe  cable  Incorporating  plural 

LAN  branch  lines.  pipes  Is  installed  In  advance.  When  necessary, 


Fig.l  Construction  of  ABF  system 
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compressed  air  Is  blown  into  an  empty  pipe.  Then, 
an  optical  unit  hav'ng  plural  optical  fibers 
inside,  is  installed  t  means  of  compressed  air 
flow.  (This  is  called  "blowing".) 

In  comparison  with  the  conventional  optical- 
fiber  system,  the  ABF  system  has  the 
characteristics  mentioned  below: 

(1)  Easy  installation  and  removal  of  optical 
fibers  with  compressed  air  makes  it  possible 
to  expand  and  modify  optical  fiber  lines  in 
accordance  with  urgent  necessity. 


(2)  At  the  branching  or  connecting  portions  of 
pipe  cables,  the  pipe  cables  are  previously 
combined  by  connector.  Then,  the  optical 
unit  is  blown  with  compressed  air.  This  can 
reduce  the  number  of  optical  fiber  splices. 

The  ABF  System  permits  efficient  optical  fiber 
laying.  Optical  units  using  all-glass  fiber  have 
been  already  put  on  the  market,  for  example, 
graded  index  type  and  single-mode  optical  units. 

When  using  optical  fibers  for  branch  lines, 
one  of  the  important  factors  is  that  E/0  and  0/E 
converters  are  low-priced.  In  this  respect,  Hard 
Clad-PCF  (HC-PCF)  is  judged  to  be  important.  HC- 
PCF  has  a  high  N.A.  of  nominal  0.4,  ana  an 
excellent  coupling  effic'  -cy  with  E/0  converter. 
In  addition,  HC-PCF  an  mnected  easily  on  the 
field,  with  crimp  &  cle.  'pe  connectors.  To 

achieve  an  efficient  and  saving  optical  fiber 

network,  in  combination  of  »  u  ABF  system  and  HC- 
PCF,  the  authors  have  successfully  developed  HC- 
PCF  unit  for  ABF  system.  This  paper  deals  with 
the  characteristics  of  the  HC-PCF  units. 


2. CONSTRUCTION  OF  HC-PCF  UNIT 

2-1  HC-PCF 

HC-PCF  consists  of  all-glass  core  part, 
plstic  clad  part  and  jacket  layer.  The 
construction  of  HC-PCF  is  given  in  Fig.  2  and 
Table  1.  The  HC-PCF  used  this  time  has  a  core 
diameter  of  200  pm,  a  clad  diameter  of  230  urn, 
and  a  theoretical  NA  of  0.4.  The  outside 
diameter  of  its  jacket  layer  is  approx.  0.5 
mm. 


Fig. 2  Structure  of  HC-PCF 


Table. 1  Structure  of  HC-PCF 


Item 

Structure 

Core  diameter 

200  1  5  p 

Clad  diameter 

230  t  jjj  um 

Concentricity  error 

Not  more  than  6  pm 

Jacket  diameter 

500  ±  50  pm 

Theoretical  NA 

Norn.  0.4 

2-2  HC-PCF  Unit 

The  construction  of  HC-PCF  unit  is  given  in 
Fig.  3.  In  this  figure,  the  conventional 
optical  unit  with  all-glass  fiber  is  shown  for 
the  purpose  of  comparison.  As  the  blowing 
equipment  to  be  used  should  be  the  same  one 
as  that  used  for  the  conventional  optical 
unit,  the  outside  diameter  of  the  unit  was  2 
mm.  The  number  of  optical  fiber  was  two, 
which  is  the  essential  number  of  optical 
communication.  The  fibers  were  covered  with 
plastic  primary  coating.  Out  side  the  primary 
coating,  the  secondary  coating  was  made  with 
foamed  polyethylene,  as  in  the  case  of  the 
conventional  optical  unit.  Although  the  HC- 
PCF  unit  weighed  as  light  as  2.3  g/m,  it  was 
about  15  %  heavier  than  the  all  glass-fiber 
optical  unit. 


Fig. 3  Structure  of  unit 
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3. TRANSMISSION  CHARACTERISTICS  OF  HC-PCF  UNT 

The  HC-PCF  unit  was  evaluated  with  its  primary 
coating  materials  A  and  B,  of  which  physical 
characteristics  are  given  In  Table  2.  As  HC-PCF 
was  used  under  overmode  launching,  its 
transmission  loss  Is  dependent  on  length.  Two  or 
more  single-length  HC-PCF  units  were  evaluated. 


There  is  little  influence  by  stress  from  the 
coating  materials.  That  is,  by  using  the 
material  B  for  the  primary  coating,  it  is 
possible  to  perform  unitization  without 
reducing  the  transmission  characteristics  of 
HC-PCF.  On  the  high-temperature  side,  it  has 
been  confirmed  that  any  increase  in  loss  is 
not  produced,  regardless  of  the  material  used. 


Table. 2  Propaties  of  primary  coating  material 


. - . 

Material  A 

Material  B 

Young's  modulus 

40  kg/mm2 

5  kg/mm2 

Coefficient  of 

linear  expantion 

5*10*S1/°C 

5*iO‘!1/°C 

3-1  Initial  Transmission  Characteristics 


The  transmission  loss  at  0.81  pm  wavelength  is 
given  in  Fig.  4.  The  unit  length  (m)  is 
expressed  on  the  X  axis,  and  the  transmission 
loss  (dB)  for  the  corresponding  unit  length, 
in  the  Y  axis.  The  unit  using  the  material  A 
recorded  a  loss  greater  than  that  before 
unitization.  The  unit  using  the  material  B 
marked  transmission  loss  as  much  as  that 
before  unitization.  The  material  A  has 
Young's  modulus  one  digit  larger  than  the 
material  B.  This  may  be  attributable  to  a 
fact  that  the  residual  processing  strain  of 
the  material  gave  excessive  stress  to  HC-PCF. 
The  temperature  characteristics  between  -40°C- 
+70  °C  were  evaluated.  The  loss  increase  on 
the  low  temperature  side  is  given  in  Fig.  5 
and  6.  Fig.  5  shows  the  temperature 
characteristics  when  using  the  material  A  for 
the  primary  coating,  and  Fig.  6,  those  when 
using  the  material  B.  The  X  axis  indicates 
the  unit  length,  and  the  Y  axis,  the  loss 
increase  (dB)  for  the  initial  value  for  the 
corresponding  unit  length.  The  unit  using  the 
material  A  shows  an  Increase  in  loss,  which  is 
dependent  on  length  of  the  unit.  Because  the 
Young's  modulus  of  the  primary  coating  is 
high,  an  excessive  stress  is  applied  to  HC-PCF 
when  the  material  contracts  at  a  low 
temperature.  Then,  micro-bend  is  supposed  to 
be  produced  on  HC-PCF. 

The  unit  using  the  material  B,  on  the  other 
hand,  shows  a  slight  increase  of  loss,  but  the 
increase  of  loss  in  not  so  much  dependent  on 
length  of  the  unit.  From  this  fact,  the 
Increase  of  loss  at  low  temperature  is  in 
great  part  due  to  change  of  NA  by  variation  of 
the  refractive  index  of  the  clad  part. 


Fig. 4  Transmission  loss  of  HC-PCF  unit 


Fig. 5  Temperature  characteristics 
(Material  A  as  primary  coating) 
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4. BLOWING  CHARACTERISTICS 
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Fig. 6  Temerature  characteristics 

(Material  B  as  primary  coating) 


3-2  Long-term  Reliability 

The  heat  aging  test  was  made  at  70  °C  for  1000 
hours.  The  results  of  the  test  are  given  in 
Fig.  7.  The  units  used  for  the  test  were  300 
m-  long.  The  unit  using  the  material  A  showed 
a  high  increase  of  loss,  although  there  is  a 
tendency  of  loss  recovery  due  to  reduced 
residual  processing  strain  of  the  material. 
The  unit  using  the  material  B,  on  the  other 
hand,  keeps  extremely  stable  transmission 
characteristics.  Furthermore,  the  temperature 
characteristics  of  the  unit,  which  using  the 
material  B,  after  heat  aging  test  shows  no 
particular  change,  compared  with  the  initial 
characteristics.  It  has  been  known  that  the 
unit  using  the  material  B  has  long-term 
stable  transmission  characteristics. 


Fig.  8  gives  the  results  of  the  blowing 
characteristics  of  the  HC-PCF  unit,  which  were 
evaluated  with  the  500  m-1on;,  ABF  pipe  wound 
on  a  drum  of  which  barrel  diameter  is  1  m.  In 
this  evaluation,  the  blowing  equipment  used  was 
the  same  as  that  for  the  all-glass  fiber  unit. 
The  X  axis  indicates  the  blowing  length,  and  the  Y 
axis  indicates  the  blowing  speed  corresponding  to 
the  blowing  length.  The  HC-PCF  unit  is  slightly 
less  efficient  in  terms  of  blowing,  because  of  its 
weight  heavier  than  that  of  the  all-glass  fiber 
unit.  In  ordinary  in  which  air  pressure  Is  8 
kg/cm  sq.  or  less,  it  is  possible  to  perform  500  m 
blowing.  In  blowing  under  air  pressure  of  8  kg/cm 
sq.,  there  is  little  change  in  blowing  speed,  as 
shown  in  Fig.  8.  From  this  fact,  it  is  judged 
that  there  is  good  possibility  of  500  m  or  more 
consecutive  blowing. 
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Fig. 7  Result  of  heat  aging  test 
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5 .EXAMPLES  OF  APPLICATIONS 

Fig.  9  shows  a  example  of  the  A8F  system 
constructed  for  LAN  in  a  building.  In  this 
example,  all-glass  GI  fiber  unit  is  used  for  the 
trunk  backbone  line,  and  the  HC-PCF  unit  is  used 
for  the  floor  line.  As  a  matter  of  course,  the 
all-glass  fiber  unit  can  be  used  in  the  same  pipe 
cable  of  the  floor  line.  Connection  between  local 
stations  of  each  floor  and  terminals  can  be  made 


independently  with  single  pipe  cables.  Another 
method  of  connection  is  to  place  a  branch  box  for 
a  pipe  cable  in  the  course  of  a  route,  and  then 
from  the  branch  box  to  connect  with  terminals  by 
means  of  single  pipe  cable.  In  the  latter  case, 
in  the  ABF  system,  connection  in  the  box  can  be 
made  only  by  connecting  with  the  pipe.  The 
optical  fiber  can  be  made  without  splices. 
Moreover,  the  floor  pipe  cable  can  be  combined 
together  with  metal  cables  for  voice  and/or  data. 


(Machine  room 

(All  glass  GI  fiber)’ 


Office  room 
(HC-PCF) 


Fig. 9  Example  of  HC-PCF  unit  application 
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6. CONCLUSION 


We  have  developed  the  HC-PCF  unit  by 
combination  of  HC-PCF  and  ABF  system,  which  have 
been  attracting  much  attention  in  the  sphere  of 
optical  LAN. 

The  HC-PCF  unit  permits  low-cost  and  efficient 
optical  fiber  laying.  By  good  selection  of 
coating  materials,  it  is  possible  to  have  the  HC- 
PCF  unit  which  has  practically  sufficient 
transmission  characteristics,  and  can  perform 
blowing  of  500  m  or  more.  In  the  future,  there 
will  be  a  steady  increase  in  use  of  optical  fiber 
in  LAN  branch  lines.  At  the  same  time,  demand  for 
the  ABF  System,  in  particular  HC-PCF,  will  be 
sure  to  increase. 
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A  UNIQUE  FIBER  OPTIC  DEPLOYMENT  SCHEME  ADDS  RELIABILITY  AND 
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Abstrac* 

The  philosophy  of  being  a  high  quality  service 
provider  has  prompted  Pacific  Bell  to  develop, 
in  cooperation  with  Raychem  Corporation,  a 
unique  fiber  optic  deployment  scheme,  that  is 
compatible  with  all  fiber  feeder  architectures. 
The  Fiber  Distribution  Point  (FDP)  is  spliced 
to  24  fibers  of  a  main  feeder  cable.  All  other 
fibers  in  the  main  feeder  cable  are  uncut  and 
continue  on  undisturbed  to  be  used  in  other 
locations  in  the  route.  Deployment  of  the  FDP 
facilitates  administration  of  the  fiber  loop 
feeder  network,  reduces  labor  and  hazard  to 
main  feeder  facilities,  allows  flexibility  of 
points  of  feed  and  the  most  appropriate  sizing 
of  feeder  cables. 


Introduction 

Recent  shifts  in  the  way  Pacific  Bell  pro¬ 
vides  service  now  require  loop  fiber  to  be 
constructed  in  a  ring  configuration  where 
economically  feasible,  with  flbeis  for  service 
routed  back  to  the  CO  in  a  direction  opposite 
to,  and  in  a  different  sheath  than,  fibers  for 
protection  of  that  service.  Two  types  of  rings 
are  possible  to  construct: 

The  Diverse  Fiber  Loop 

Utilizes  completely  different  duct  structures 
and  manholes  with  separation  of  at  least  the 
width  of  a  city  street.  (See  Exhibit  1) 

The  Protected  Fiber  Loop 

Utilizes  the  same  duct  structures  and  manholes, 
with  separation  within  the  structure  of  at 
least  one  vertical  and  one  horizontal  duct. 

(See  Exhibit  2) 

If  neither  of  these  two  options  for  ring  con¬ 
struction  are  possiole  due  to  lack  of  available 
conduit  or  reasonable  economics,  the  minimum 
protection  required  is  separation  between  the 
the  individual  buffer  tubes  within  the  same 
sheath,  isolating  the  protection  fibers  in  tubes 
separate  from  the  primary  service  fibers.  This 
non-ring  construction  is  termed  the  Redundant 
Fiber  Loop  (Exhibit  3)  and  is  the  last  choice 
for  loop  fiber  construction.  In  this  arrange¬ 


ment,  the  FDPs  are  spliced  exactly  the  same  as  in 
ring  architecture,  but  the  protection  fibers  are 
routed  to  the  end  of  the  taper  point  before  being 
spliced  back  onto  fibers  in  different  tubes  but 
in  the  same  sheath.  In  addition,  this  arrangement 
allows  for  easier  administration  and  future 
completion  of  a  ring  when  and  if  adequate  conduit 
becomes  available. 

All  lightwave  systems  currently  being  installed 
in  Pacific  Bell  utilize  a  one-to-one  service-to- 
protectlon  arrangement.  These  plans  provide  for 
a  self-healing  design  in  the  event  the  service 
fibers  are  physically  damaged  due  to  a  cut  of  the 
cable  sheath  or  individual  fiber.  Fiber  Distri¬ 
bution  Points  (FDPs)  can  be  used  in  exactly  the 
same  way  as  in  non-ring  construction,  and  in  fact 
can  now  be  administered  and  spliced  more  easily. 

New  Concepts 

Ring  architecture  requires  the  Outside  Plant 
engineer  to  understand  a  new  concept.  Route 
diversity  in  loop  fiber  optic  systems  is  the  new 
standard  where  economical.  This  concept,  util¬ 
izing  a  ring  configuration,  requires  using  the 
same  two  fibers  (transmit  and  receive)  in  the 
ring  after  being  severed  and  spliced  to  the  drop 
fibers,  then  routed  back  to  the  CO  from  the  FDP 
in  different  cable  sheaths  and  conduits.  (See 
Exhibit  4) 

Fiber  Distribution  Point  (FDP)  Description 

The  FDP  is  an  integrated  cable  closure,  fiber 
organizer  and  cable  harness  to  provide  remote 
access  to  feeder  fibers.  (See  Exhibit  5)  It  is 
assembled  in  a  factory  environment,  thoroughly 
tested  and  shipped  to  the  field  as  a  ready-to- 
deploy  subsystem.  The  system  incorporates  the 
use  of  electrical  heat-shrinkable  sleeves  and  hot 
melt  adhesives  and  is  composed  of  five  parts: 

1.  FOSC  100D  base  organizer  trays  and  dome 

2.  FOSC  100B  base,  organizer  trays  and  dome  cable 
stub 

3.  Two,  30  ft,  pre-installed  24  fiber  cable  stubs 

4.  Cable  and  dome  seals 

5.  Accessory  components  and  mounting  bars 

A  100  foot  piece  of  24  fiber  cable  has  10  feet  of 
sheath  and  buffer  tubes  removed  from  the  mid 
point.  This  is  then  looped  and  sealed  through  an 
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oval  entry  port  in  the  FOSC  100B  closure  (distri¬ 
bution  point)  and  the  fiber  organized  in  splice 
trays.  There  are  six  fibers  per  splice  tray  with 
the  center  of  each  fiber  loop  marked.  Four  small 
round  cable  entry  ports  in  the  FOSC  100B  closure 
can  handle  one  fiber  service  drop  cable  each  with 
a  diameter  range  of  .2  to  .6  inches.  The  two 
cable  stub  ends  are  prepared  (stripped,  moisture 
blocked  and  sealed)  and  placed  in  the  FOSC  100D 
(main  cable  closure)  through  two  round  cable  entry 
ports.  The  loose  fibers  are  secured  and  stored 
in  trays.  The  splice  trays  will  accommodate  most 
popular  types  of  fiber  connectors  and  are  designed 
for  low  loss  organization  of  fiber  operating  at 
1550nm.  Each  closure  is  sealed  and  supplied  with 
all  necessary  consumables. 

The  FDP  provides  access  to  feeder  fibers  in  comp¬ 
lements  of  24.  But  as  fibers  are  severed  and 
spliced  at  each  FDP  in  a  ring  configuration,  a 
total  of  48  fibers  back  to  the  central  office 
becomes  available.  This  enables  the  potential 
installation  of  12  systems  feeding  from  each  FDP 
location,  considering  the  requirement  of  four 
fibers  per  system;  two  for  primary  service  and 
two  for  a  completely  redundant  system. 

The  FDP  contributes  to  higher  splicing  produc¬ 
tivity  in  fiber  optic  cable  construction  by 
minimizing  the  amount  of  fiber  splicing  required 
at  initial  deployment.  This  results  in  real 
first-time  cost  savings  that  has  measurably  added 
to  justification  proposals  for  the  construction 
of  loop  fiber  feeder  routes.  The  methods  and 
practices  developed  by  Pacific  Bell  for  standard 
access  to  the  feeder  network  require  the  use  of 
the  FDP  interface  (FOSC  100B  closure) ,  preserving 
the  integrity  of  the  main  fiber  optic  feeder 
splice  (FOSC  100D  closure). 


splicing  and  testing.  After  splicing  to  the  main 
feeder  cable,  drop  cables  can  be  installed  into 
the  FDP.  Once  the  main  feeder  cable  is  spliced, 
no  future  access  is  allowed.  This  restriction 
limits  the  hazard  for  disturbing  service  to  only 
those  24  fibers  appearing  in  the  FDP  stub,  pro¬ 
viding  ongoing  reliability,  flexibility  and  avail¬ 
ability. 


Conclusion 


The  FDP  has  been  successfully  deployed  in  major 
urban  and  suburban  areas  throughout  the  Pacific 
Bell  region,  specifically  where  future  growth  and 
multiple  access  is  required  or  expected.  Feedback 
from  construction  forces  has  been  extremely 
positive.  In  the  one  year  since  deployment,  the 
results  of  the  FDP  concept  exceed  original  expect¬ 
ations  of  Pacific  Bell.  The  system  remains 
flexible  to  future  needs,  while  not  compromising 
the  high  standards  of  integrity  and  reliability 
required  from  a  high  quality  service  provider 
such  as  Pacific  Bell. 
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The  FDP  concept  in  a  ring  architecture  scheme  is 
uniquely  adaptable  to  SONET-based  systems  using 
the  add-drop  multiplexer,  as  well  as  the  self- 
healing  aspects  inherent  to  redundant  ring  archi¬ 
tecture.  Deployment  during  the  present  time 
frame  in  this  arrangement  positions  the  network 
to  take  full  advantage  of  these  future  develop¬ 
ments  with  no  rearrangements  required. 

Installation 

The  installation  begins  with  the  routing  of  the 
main  feeder  cable  into  the  oval  port  of  the  FOSC 
100D  closure.  Use  of  this  oval  port  enables 
looped  cable  entry,  the  insertion  of  uncut  fiber 
buffer  tubes  into  the  closure  so  that  only  those 
fibers  intended  to  bo  spliced  to  the  24  fiber 
stub  cables  need  to  be  cut.  The  remaining  uncut 
buffer  tubes  are  accommodated  within  the  closure, 
presenting  no  hazard  to  any  service  that  may  be 
working  on  fibers  within  those  tubes  at  another 
location.  This  procedure  enables  mid-point  entry 
on  cables  and  the  placement  of  long  cable  reels 
in  an  urban  high-density  environment  while 
minimizing  the  placing  and  splicing  time  involved. 
The  FDP  is  extremely  lightweight  and  is  easily 
moved  in  and  out  of  manholes  to  facilitate 
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EXHIBIT  I 


EXHIBIT  2 


Protected  Fiber  Loop 
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Fiber  Ring  Architecture 


EXHIBIT  4 


Bases,organizer  trays,  domes  and  cable. 

Exhibit  5 
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ABSTRACT 

The  thermal  stability  test  methods  and  requirements 
used  (or  selecting  polyolefin  (PIC)  insulations  need  to 
be  reevaluated  in  light  of  recent  field  failures.  We 
review  the  advantages  and  disadvantages  of  pedestal 
and  oven  testing  as  well  as  detail  the  quantitative 
relationships  between  test  lifetime,  test  temperature, 
stabilizer  concentrations  and  field  lifetimes.  Samples 
with  known  field  lifetimes  are  used  to  calibrate  the 
laboratory  tests  and  thereby  determine  the  test 
criteria  to  ensure  a  40  year  minimum  field  life  for  PIC 
insulations.  The  results  from  interlaboratory  round 
robins  of  pedestal  and  oven  tests  are  also  discussed. 


INTRODUCTION 

Interest  in  the  thermal  stability  of  polyolefin 
insulations  has  been  intense1'8  following  the 
observations  of  cracks  in  foam-skin,  high-density 
polyethylene  insulations  in  aboveground  closures  in 
southwestern  USA1,2.  The  test  methods  and 
requirements  used  for  selecting  polyolefin  insulations 
need  to  be  reevaluated  in  light  of  these  field  failures. 
The  required  accelerated  aging  test  for  PIC  (Polyolefin 
Insulated  Conductor)  insulation  must: 

•  simulate  field  conditions 

•  have  the  shortest  possible  duration 

•  show  interlaboratory  reproducibility. 

High  density  polyethylene  (HDPE)  insulations  are 
affected  by  many  environmental  factors  but  the  two 
most  important  are  temperature  and  physical 
stress  High  temperatures  accelerate  the  rate 

of  both  oxidation  of  the  polyolefin  and  stabilizer  loss 
by  extraction  and  evaporation.  Physical  stress 
accelerates  craze  formation  and  crack  propagation. 
Since  1972,  most  buried  cables  have  been  filled  with  a 
oily  hydrocarbon  compound  to  make  them  water 
resistant.  These  filling  compounds  are  known  to 


extract  stabilizer  from  the  insulation3,4’8,17.  It  is 
important  therefore  that  test  procedures  designed  to 
screen  cable  insulations  for  long  term  applications 
take  all  these  factors  into  account. 

The  stability  of  PIC  insulations  is  now  evaluated  by 

an  Oxidative  Induction  Time  (OIT)  test  and  laboratory 

pedestal  tests10,18.  The  OIT  test  determines  the  time 

for  oxidative  degradation  to  begin  at  high 

temperatures  (typically  200°C)  in  pure  oxygen.  This 

test  is  excellent  both  for  screening  materials  and  for 

quality  control  since  relative  changes  in  OIT  values 

represent  changes  in  stability  and/or  stabilizer 

concentrations.  For  example,  a  survey  of  OIT  values 

was  used  to  determine  the  percentage  of  PIC 

insulations  in  the  field  that  are  vulnerable  to  oxidation 
2  19 

and  cracking  ’  . 

The  current  thermal  stability  performance  test  for 
PIC  (Polyolefin  Insulated  Conductor)  insulations  is 
performed  in  heated  pedestals  at  110°C  and  90°C  for 
45  and  365  days,  respectively18.  Insulated  wires  are 
coiled  and  heated  in  laboratory  pedestals  at  these 
temperatures  and  the  coils  are  examined  for  cracks 
after  the  prescribed  times.  In  response  to  the  most 
recent  field  failures,  two  changes  were  introduced  into 
the  test;  (1)  preconditioning  PIC  cable  at  70°C  and  (2) 
using  coiled  samples  in  the  test.  The  pedestal  test  was 
based  on  work  performed  in  the  1970s10,18  on  solid 
PIC  insulations  from  aircore  cables.  However,  the 
appropriate  test  temperatures  and  times  to  simulate 
field  lifetimes  and  conditions  need  to  be  reevaluated 
for  the  latest  designs  of  PIC  insulations  and 
aboveground  closures. 

An  alternative  test  method  is  to  age  insulated 
wires  in  forced-air  ovens  which  should  have  improved 
temperature  control  and  higher  airflow  rates 
compared  to  heated  pedestals.  The  higher  airflow 
rates  should  allow  tests  to  be  performed  quicker 
and/or  at  lower  temperatures.  However,  previous 
round  robin  testing  of  oven  test  protocols20,21 
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suffered  from  large  variations  in  results  between 
laboratories. 

This  paper  will  review  the  advantages  and 
disadvantages  of  pedestal  and  oven  testing  as  well  as 
detail  the  quantitative  correlations  between  test 
lifetime,  test  temperature,  stabilizer  concentrations, 
OIT  values  and  field  lifetimes.  Samples  with  Known 
field  lifetimes  are  used  to  calibrate  the  laboratory 
tests  and  thereby  determine  the  required  test  times  to 
ensure  at  least  a  40  year  field  life  for  PIC  insulations. 
The  results  from  interlaboratory  round  robins  of 
pedestal  and  oven  tests  will  also  be  discussed. 


EXPERIMENTAL 

PIC  samples  used  in  this  study  included  foam-skin 
insulated  wires  from  filled  cables  and  solid  insulated 
wires  from  both  aircore  and  filled  cables.  These 
samples  were  standard  products  from  three  different 
cable  vendors  manufactured  between  1987  and  1989. 
One  vendor  kindly  supplied  uncabled  PIC  wires;  i.e., 
foam-skin  and  solid  insulated  wires  that  were  never 
cabled  or  exposed  to  filling  compounds.  Various  cable 
samples  (4-12  years  old)  were  excavated  from  buried 
field  locations,  adjacent  to  aboveground  closures  that 
contained  cracked  insulations  or  insulations  with  low 
OIT  values2'19. 

Standard  PC-6  (6x6x48  inch)  pedestals  from  Kisco 
Company  or  Champion  Metal  Products  were  used. 
Accessories  such  as  the  terminal  plates,  plastic  liners, 
grounding  straps  and  support  frames  were  removed 
before  testing.  Glas-Col  Apparatus  Company  supplied 
heating  mantles  to  fit  closely  over  the  top  12  (260 
Watts)  or  20  inches  (500  Watts)  of  the  pedestal. 
Temperatures  between  60  and  110°C  (±1°C)  were 
maintained  at  the  sample  position  using  Glas-Col 
Model  #PL612  proportional  controllers.  An  l2R  model 
OTP-30A  protection  probe  was  used  to  ensure  that 
power  surges  or  controller  problems  did  not  expose 
the  insulations  to  high  temperatures  (i.e.,  >3°C  over 
the  set  temperature).  For  oven  testing,  Blue  M  model 
OV-510A-2  and  model  ESP-400C-5  forced-air  ovens 
were  used  at  60-90°C  (±1°C).  Air  flow  rates  were 
measured  with  a  Alnor  Compuflow  meter  model  No. 
8500D-II.  Air  exchanges  per  hour  were  determined  by 
the  method  outlined  in  ASTM  E  145  using  a  General 
Electric  Type  1-50-A  Watthour  meter  (Model  AR2). 

Preconditioning  of  cables  entailed  placing  sealed 
cable  sections  in  ovens  at  70°C  for  4  weeks.  This 


Fig.  1  Pedestal  Test 


preconditioning  was  supposed  to  simulate  a  cable 
exposed  for  a  year  or  more  to  high  temperatures  in  a 
cable  reel  yard4'6. 


For  accelerated  aging  tests  in  pedestals  and  ovens, 
the  insulations  were  removed  from  the  cable  sheaths, 
the  filling  compound  wiped  off  with  a  dry  cotton  cloth, 
and  the  insulations  coiled  as  outlined  elsewhere6,1  . 
Fig.  1  shows  a  typical  arrangement  of  coiled  insulated 
wires  in  a  pedestal  ready  for  testing.  Typically,  20-50 
insulated  wires  were  selected  with  all  colors 
represented  equally.  The  coiled  insulated  wires  were 
placed  in  heated  pedestals  or  ovens  at  the  specified 
temperatures.  The  samples  were  examined  for  cracks 
with  a  5x  magnifying  glass  at  regular  intervals  of  1-4 
weeks  depending  on  the  expected  lifetime  of  the 
insulations.  A  plot  of  percentage  of  cracked 
insulations  versus  time  was  drawn  for  each 
accelerated  test  and  the  onset  of  cracking  was  defined 


Oxidative  Induction  Times  (OIT)  were  measured  in 
aluminum  pans  at  200°C  on  insulations  stripped  from 
the  conductors  as  described  previously2’62.  The 
percent  of  the  individual  antioxidants,  Irganox  1010 
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Fig.  2  Arrhenius  plot  for  pedestal  test  results.  Log  (tQ  in  years)  versus 
[Temperature, "K]”1  for  "as  received"  foam  skin  HDPE  insulations  (■», 
preconditioned  foam-skin  and  solid  HDPE  insulations  (A,V,0),  field  (Lp)  and 
laboratory  (L)  results  for  LDPE  insulations2,10,16,  aircore  solid  HDPE 
insulations  (H),  field  excavated  foam-skin  HDPE  Insulations  ("as  excavated"  - 
#,▼  and  preconditioned  -  0,13)  and  field  foam-skin  HDPE  insulations  with 
OIT <2  mins  (F.,F, ). 

“  r>  _ a. i  * _ a. 


and  Irganox  1024^,  in  selected  PIC  insulaFons  were 
determined  by  hot  toluene  extraction  and  liquid 
chromatography  analysis  of  the  extract7,23,24. 

RESULTS  AND  DISCUSSION 

We  shall  discuss  the  pedestal,  oven  and  OIT  test 
results  individually,  examine  some  interlaboratory 
round  robin  studies  and  finally  correlate  test  lifetime 
with  field  lifetimes  and  suggest  test  criteria  to  ensure 
at  least  a  40  year  life  for  PIC  insulations  under  field 
conditions. 

t  Ctba-Geigy  stabilizers 

Irganox  1010  »  tetrakuj methylene  (3,5-di*tcrt-butyl*4*hydroxy*hydrocinnamate)}  methane 
Irganox  1024  -  N.N'-bisp-P'.S'-di-tert-butyM-hydroxyphenyl)  propanyl}  hydraane 


Fig.  2  is  the  Arrhenius  plot  of  log(tQ  in  years) 
versus  [test  temperatureC’K)]"1  for  representative  data 
from  our  pedestal  testing.  The  time-to-crack  (tg)  values 
at  90°C  were  2.5-3.0  times  those  at  110°C,  independent 
of  PIC  sample  tested.  Included  in  Fig.  2  is  test  data 
from  PIC  insulations: 

(a)  manufactured  in  1987-1989  (■,A,A,V,^), 

(b)  excavated  from  the  field  (•,ED,0,T), 

(c)  with  OIT  <  2  mins  that  were  gathered  from 

field  closures  (FA,  F^), 

as  well  as  published  data2,10,16  for  low-density 
polyethylene  (L,Lp)  insulations  and  high-density 
polyethylene  (H)  insulations. 


318  International  Wire  &  Cable  Symposium  Proceedings  1990 


PIC  insulations  tested  from  "as  received"  cables 
(■,  A  in  Fig.  2)  compared  favorably  with  solid 
insulations  from  aircore  cables  tested  in  197410’16  ( — 
H-~  in  Fig.  2).  If  these  insu'ations  were  preconditioned 
before  pedestal  testing  then  the  time-to-crack  values 
(tQs)  were  2.5  ±0.5  times  lower  because  stabilizers 
were  extracted  from  the  insulations  during  this 
preconditioning.  OIT  values  of  insulations  were 
typically  reduced  by  60-80%  after  preconditioning  for  4 
weeks  at  70°C3'6. 

The  PIC  samples  excavated  from  buried  locations 
in  the  field  were  also  pedestal  tested  (•.O.O.T  in  Fig. 
2).  For  these  field  samples,  preconditioning  at  70°C  for 
4  weeks  produced  only  a  minor  (20-30%)  reduction  in 
tg  values.  The  combined  field  history  of  these  PIC 
samples  (time  in  storage,  reel  yards  and  buried 
underground)  presumably  produced  a  similar  degree 

of  stabilizer  extraction  as  did  the  preconditioning 
treatment.  The  thermodynamic  limit  of  stabilizer 
extraction  was  approached  during  the  field  life  of  the 
cable  and  any  further  preconditioning  of  the  excavated 
field  samples  produced  little  further  stabilizer 
extraction. 

PIC  insulations  from  these  particular  field  samples 
were  known  to  crack  inside  aboveground  closures  in 
Arizona  after  4.5  and  5.5  years.  In  addition,  40°C  is 
known  to  be  the  equivalent  pedestal  test  temperature 
for  PIC  insulations  exposed  in  Phoenix- and  Tucson, 
Arizona  where  these  particular  field,  samples  were 
gathered2,19.  Therefore  field  failure  data  could  be 
added  to  Fig.  2  and  this  data  confirmed  that  the  same 
Arrhenius  relationship  applied  for  field  aged, "as 
received",  and  preconditioned  HDPE  foam-skin 
insulations  from  filled  cables,  LDPE  solid  insulations 
from  aircore  cables  and  HDPE  solid  insulations  from 
aircore  cables.  This  series  of  parallel  lines  suggested 
that  the  temperature  dependence  was  independent  of 
stabilizer  concentration  and  determined  only  by  the 
oxidation  mechanism  for  the  polyethylene  molecules. 
The  stabilizer  content  and/or  physical  design  (e.g., 
solid  versus  foam-skin)  of  a  PIC  insulation  defined  the 
specific  tg  value,  but  the  temperature  dependence  was 
determined  by  the  same  oxidation  mechanism  in  all 
the  polyethylene  insulations. 

Sometimes,  the  tQ  values  found  from  110°C 
pedestal  testing  were  longer  than  would  be  expected 
from  lower  temperature  testing;  e.g„,  note  the 
diamond  shaped  points  in  Fig.  2.  The  enhanced 
lifetime  at  110°C  may  arise  from  physical  changes  in 
the  stabilizer  or  polymer.  Irganox  1010  has  a  crystal 


melting  transition  at  110-120°C25.  Crystallites  of  high 
density  polyethylene  also  begin  to  melt  at  ~110°C. 
Such  changes  in  crystallinity,  morphology,  shape, 
solubility  and  diffusion  of  the  stabilizer  in  the 
polyethylene  matrix  may  affect  the  loss  rate,  mobility 
and  reactivity  of  the  stabilizer.  The  polymeric  matrix  is 
also  subject  to  temperature  dependent  changes  in 
morphology,  crystallinity,  orientation  and  other 
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Fig.  3  Percent  insulations  cracked  versus 
normalized  time  (t/tQ)  for  pedestal,  tests.  Averages 
from  35  individual  tests. 


physical  effects  that  may  contribute  to  the  rate  of 
stabilizer  loss  from  the  insulation.  Such  contributions 
to  the  degradation  of  PIC  insulations  are  not  clearly 
understood  despite  the  numerous  studies  on  small 
molecule  diffusion  in  polyethylene2®. 

Despite  the  wide  range  of  insulation  sources, 
stabilizer  percentages,  test  temperature  and  sample 
treatments,  the  development  of  cracked  insulations 
showed  a  uniform  dependence  on  time  as  illustrated 
in  Fig.  3  where  the  percentage  of  cracked  insulations 
is  plotted  against  relative  time  (t/tg).  In  the  ideal  case, 
all  the  insulations  in  a  pedestal  would  crack  at  tg. 
Differences  in  time-to-crack  values  were  caused  by  (1) 
intrinsic  variations  during  insulation/cable 
manufacture  and  (2)  test  variables.  For  example,  cable 
manufacture  variables  such  as  extrusion  temperatures 
and  filling  compound  temperature,  can  lead  to 
differences  in  stabilizer  percentage  and  distribution 
within/between  wires.  Cable  manufacturing  variables 
typically  produce  a  ~5%  variation  in  OIT  values  along 
a  single  PIC  insulation  and  a  ~20%  OFT  variation 
between  PIC  insulations  in  the  same  cable 
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Pedestal  test  variables  such  as  physical  stress  on 
insulations  and  temperature  variations  across  the 
sample  bundle  can  result  in  significant  variations  in 
the  time-to-crack  value  measured3.  The  temperature 
variation  across  the  sample  bundle  can  be  large  In  the 
pedestal  test.  Steep  temperature  profiles  were 
generated  inside  the  laboratory  heated  pedestals. 
Heat  efficiently  flowed  from  the  heated  top  section  of 
the  steel  pedestal  to  the  cold  bottom  section.  In 
addition,  the  copper  wires  in  the  PIC  samples  and  any 
metallic  support  structures  can  also  extend  down  out 
of  the  heated  zone  and  conduct  heat  out  of  the  sample 
zone.  Although  the  set  temperature  can  be  easily 
maintained  at  ±  1°C,  steep  gradients  of  up  to  5°C/inch 
can  develop  across  the  heated  zone.  It  is  therefore 
essential  to  keep  the  PIC  sample  coils  in  a  uniform 
plane  to  minimize  temperature  variation  across  the 
sample  bundle.  We  found  that  30  sample  coils  can  be 
easily  placed  within  1/2  inch  (vertically)  with  the 

temperature  range  from  top  to  bottom  coil  being 
within  ±2°C.  The  temperature  difference  from  top  to 
bottom  coil  can  be  reduced  to  <  ±1°C,  if  the  12  inch 
standard  mantles  are  replaced  with  20  inch  long 
mantles. 

From  the  Arrhenius  plots  (Fig.  2),  the  variation  in 
the  tQ  value  for  a  given  temperature  change  can  be 
calculated.  For  example,  a  1°C  change  in  the  90°C 
pedestal  test  would  result  in  a  6±1%  change  in  the 
time-to-crack  value  found  for  the  PIC  sample,  At 
110°C,  the  analogous  variation  in  time-to-crack  values 
would  be  5±1%  for  every  1°C  change-  For  example, 
an  insulation  that  cracked  after  365  days  at  90°C  would 
be  expected  to  crack  after  400  days  at  88°C. 

3 

As  reported  previously  ,  crystals  formed  on  the  PIC 
insulations  during  the  pedestal  test,  particularly  after 
long  test  times  (e.g.,  >80-100  days).  There  were  two 
distinct  crystals  found  on  the  insulations;  cubic 
crystals  (50-100  pm  square)  and  long  needle-like 
crystals  (1-10mm  long,  10-20  pm  diam.).  Using  infrared 
spectroscopy,  the  cubic  crystals  were  identified  as 
melamine  and  the  needle  crystals  as  fiberglass.  From 
110°C  tests  using  a  sandblasted  pedestal  (i.e.,  no 
paint),  melamine  was  concluded  to  be  a  thermal 
degradation  product  from  the  acrylic  green  paint  on 
the  pedestals.  The  PIC  insulations  provided  an 
excellent  seed  site  to  initiate  crystallization.  Although 
melamine  can  act  as  a  cation/free  radical  scavenger, 
no  effect  on  tg  was  detected  in  PIC  testing.  Since  the 
melamine  was  not  absorbed  into  the  insulation,  no 
effect  on  the  degradation  mechanism  was  possible. 
The  Fiberglass  strands  were  physically  abraded  from 


the  heating  mantles  and  the  smaller  strands  were 
distributed  throughout  the  pedestal  by  air  movement. 


Forced-air  Oven  Test 

Oven  tests  were  performed  concurrently  with  the 
pedeotal  tests  using  PIC  samples  from  the  same 
cables  and  reels.  The  normalized  plot  of  percent 


Fig.  4  Percent  insulations  cracked  versus 
normalized  time  (t/tQ)  for  oven  tests.  Averages 
from  25  individual  tests. 


cracked  versus  relative  time  (t/tQ)  for  the  oven  tests  is 

shown  in  Fig.  4.  Similar  to  the  pedestal  test, 

manufacturing  and  test  variables  both  contribute  to 

the  scatter  and  shape  of  the  percent  cracked  versus 

time  profile.  The  major  difference  between  the 

pedestal  and  oven  tests  was  the  relative  size  of  the 

test  variables.  Whereas  temperature  variations  were  a 

major  concern  in  the  pedestal  test,  temperature 

variation  inside  the  forced-air  ovens  was  minimal 

(±0.5°C).  The  major  oven  test  variable  was  airflow 

rate  or  air  exchange  rate.  Generally,  time-to-crack 

values  for  PIC  samples  inside  ovens  were  shorter  than 

in  pedestals  at  the  same  temperature  because  the 

high  air  flow  across  the  surface  of  the  PIC  insulations 

accelerated  stabilizer  loss  by  evaporation.  Oven  tests 

could  also  be  performed  at  lower  temperatures  in 

reasonable  times  (  <  1  year).  However,  airflow 

variations  between  ovens  caused  too  much  scatter  in 

20  21 

interlaboratory  round  robins  ’  (see  below). 

For  a  single  oven,  tg  values  were  reproducible 
within  ±5-10%.  A  consistent  relationship  was  found 
between  different  test  temperatures  as  shown  in  Fig.  5 
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Fig.  5  Oven  test  results  -  tg(70°C,oven)  versus 
t0(80°C,oven) 


where  the  tg  values  found  at  70°C  and  80°C  are 
compared  for  the  model  OV-500  model  ovens 
However,  there  is  insufficient  data  at  present  to  define 
an  Arrhenius  relationship  for  the  oven  data.  Long 
term,  low  temperature  (>400  days,  <70°C)  oven  tests 
are  in  progress  to  determine  the  temperature 
dependence  for  oven  testing.  In  addition,  the 
appropriate  extrapolation  to  field  conditions  is  unclear 
since  both  temperature  and  airflow  effects  were 
accelerated  in  the  oven  tests. 

Table  1  compares  oven  flow  characteristics  and  tg 
for  our  two  different  model  ovens.  The  air  speed 
inside  model  OV  ovens  was  ~20%  higher  than  in  the 
model  ESP  ovens  but  the  air  exchanges  per  hour  was 
higher  in  the  model  ESP  ovens  (600  cf.  200  exchanges 
per  hour).  The  higher  the  air  speed  and  air 
exchange/hour,  the  greater  will  be  evaporation/loss  of 
stabilizer  and  any  volatile  oxidation  products.  More 
stabilizer  loss  should  lead  to  faster  degradation  and  a 

Table  1.  Oven  Characteristics 


Parameter 

Oven  Model 

OV-510A-2 

ESP-400C-5 

Volume  (ft8) 

2.81 

2.97 

Air  Exchanges/hour 

200 

600 

Air  Flow  Rates  (ft/min) 
inside  oven  at 
entry  ports 
middle 
exit  ports 

1000  ±200 

120  ±20 
60±10 

500  ±100 
100±20 
50±  10 

tn  (days) 

50  ±10 

220  ±40 

lower  tg.  However,  the  oven  with  the  greater  air 
exchange  value  had  the  greater  tg.  A  broader  range  of 
oven  models  and  air  exchange  rates  need  to  be  tested 
before  the  variations  in  oven  testing  are  quantitatively 
understood.  However,  the  results  for  these  two  ovens 
suggested  that  removal  of  the  volatile  oxidation 
products  was  more  important  than  stabilizer  toss. 
Since  such  oxidation  products  can  accelerate  the 
degradation  of  polyolefins28,  their  removal  may 
increase  the  tg  values  for  PIC  insulations. 

OIT  (Oxidative  Induction  Tima)  Test 

22 

The  OIT  test  measures  the  oxidative  stability  by 
calorimetry  at  high  temperatures,  typically  200°C.  The 
test  is  rapid  (20-100  mins)  compared  to  the  pedestal  or 
oven  test,  but  the  large  extrapolation  from  200°C  to 
field  temperatures  of  <40°C  results  in  the  absolute 
OIT  value  being  an  unreliable  guide  to  field 
performance.  For  example,  carbon  black  has  a  small 
OIT  value  at  200°C,  but  is  an  excellent  thermal 
stabilizer  at  field  conditions  as  evidenced  by  the  long 
lifetime  of  black  polyethylene  cable  sheaths  in  outside 
environments. 


Fig.  6  OIT  value  versus  total  weight  percent  of 
stabilizer  (%1010  +  %1024) 


The  OIT  value  of  a  PIC  insulation  correlated 
linearly  with  the  total  weight  percent  of  stabilizer 
(Irganox  1010  wt%  +  Irganox  1024  wt%)  as  shown  in 
Fig.  6.  Note  that  all  the  PIC  insulations  studied  in  this 
report  contained  the  same  two  stabilizers  at  a  similar 
1010/1024  ratio  of  0.5-1.0.  Therefore  the  correlations 
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Table  2.  Correlation  Coefficients  -  Foam-skin,  "as  received"  samples 


COMPOSITION  (wt%) 

LIFETIME 

PARAMETER 

%1010 

%1024 

%AO 

OIT 

(200°C) 

FIELD 

110°C 

ped. 

90°C 

ped. 

80°C 

oven 

H 

tQ(80°C,oven) 

0.95 

0.96 

0.93 

0.98 

KB 

0.9 

■ 

t0(90°C,ped.) 

0.61 

0.77 

0.99 

m 

- 

m 

H 

t0(110°C,ped.) 

0.45 

0.54 

0.61 

0.9 

M 

p 

FIELD 

0.99 

0.99 

0.99 

0.98 

OIT  (200°C) 

0.78 

0.91 

0.91 

WT 

% 

%AO  (Total) 

0.96 

0.96 

With  this  caveat  in  mind,  the  OIT  value  of  an  insulation 
correlated  with  pedestal  test  lifetimes,  oven  test 
lifetimes  and  field  lifetimes  of  the  PIC  Insulations.  The 

1024% 

0.85 

1010% 

linear  correlation  coefficients  for  cross  comparisons 
between  the  various  stability  tests  are  listed  in  Table  2 

between  OIT  values  and  test  lifetimes  described  below 
may  only  apply  to  insulations  stabilized  with 
comparable  quantities  of  Irganox  1010  and  Irganox 
1024.  Extrapolations  to  other  stabilizer  systems  may 
be  invalid. 


for  "as  received”,  foam-skin  HOPE  insulations.  An 
attempt  to  relate  test  lifetime  to  individual  stabilizer 
concentrations  was  usually  less  successful  than  the 
OIT  correlation.  The  OIT  versus  tg  values  for  the  110°C 
pedestal  test  and  the  80°C  oven  test  are  shown  in 
Figs.  7  and  8  respectively.  The  80°C  oven  results  are 
shown  for  two  different  model  ovens  illustrating  the 
large  variations  that  can  occur  between  ovens. 


Fig.  8  OIT  value  versus  t0(80°C,oven) 
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Round  Robins 


Nine  laboratories  participated  in  round  robins  for 
the  pedestal  test  and  oven  test  sponsored  by  the 
TWCSTAC^  committee.  Cables  were  kindly  supplied 
by  Superior  Cable  with  the  copper  conductors 
insulated  with  either  foam-skin  or  solid  high-density 
polyethylene  (HOPE).  Participating  laboratories 
preconditioned  their  section  of  cable  for  four  weeks  at 
70°C  and  performed  the  pedestal  and  oven  tests  as 
outlined  elsewhere18,5,6.  Not  all  laboratories  were 
able  to  test  all  insulation  designs  under  all  test 
protocols.  However,  enough  results  were  obtained  for 
foam-skin  insulated  samples  in  oven  tests  at  80°C  and 
in  pedestal  tests  at  110°C  and  90°C  for  analysis. 

The  percent  of  insulations  cracked  versus  time 
(days)  are  shown  in  Figs.  9  and  10  for  the  foam-skin 
insulated  samples  tested  in  pedestals  at  110°C  and 
90°C,  respectively.  At  110°C,  results  from  four  of  the 
five  participating  laboratories  agreed  within 
experimental  error  and  can  be  considered  to  follow  a 
single  curve.  Cracks  were  first  seen  after  25±5  days 
with  fifty  percent  of  the  insulations  cracked  after  32 ±2 
days  at  110°C.  The  samples  tested  at  laboratory  #3 
survived  twice  as  long  as  samples  in  any  other 
laboratory. 

The  results  from  pedestal  testing  at  90°C  (Fig.  10) 
showed  larger  scatter  between  laboratories  than  that 

found  in  the  110°C  tests.  Five  of  the  seven 
participating  laboratories  reported  that  insulations 
cracked  after  80  ±15  days  with  fifty  percent  of  the 
insulations  cracked  after  105 ±  10  days.  Samples  tested 
at  laboratory  #1  cracked  after  only  40-45  days,  while 
insulations  tested  at  laboratory  #8  did  not  crack  until 
175  days. 

Fig.  11  shows  the  results  from  the  oven  round  robin 
tests  performed  at  80°C  plotted  in  the  same  fashion  as 
the  results  for  the  pedestal  tests.  The  observed  tQ 
values  were  randomly  scattered  between  50  and  250 
days.  The  same  broad  scatter  was  found  for  the  time 
(days)  for  fifty  percent  of  the  insulations  to  be  cracked 
(t50);  i.e.,  random  scatter  between  100  and  350+  days, 

In  general,  the  pedestal  test  results  exhibited  good 
correlation  between  laboratories.  The  scatter 
observed  in  tQ  and  t^Q  values,  particularly  in  the  oven 
tests,  was  assumed  to  reflect  inadequate  definition  in 
sample  preparation,  temperature  control  and/or 
experimental  procedures.  The  significant  variables  in 


Fig.  9  Round  Robin  results  for  110°C  pedestal 
testing  -  Percent  insulations  cracked  versus  time 


Fig.  10  Round  Robin  results  for  90°C  pedestal 
testing  -  Percent  insulations  cracked  versus  time 


Fig.  11  Round  Robin  results  for  80°C  oven  testing 
-  Percent  insulations  cracked  versus  time 


T  TWCSTAC  "  Telecommunications  Wire  and  Cable  Standards  Technical  Advisory  Commi'"*<* 
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the  pedestal  test  have  been  reviewed  above  and  the 
steep  tempe"  :ure  gradients  inside  the  heated 
pedestals  wc-  assumed  responsible  for  the 
anomalous  rr  >  s  of  Lab.#3  at  110°C  and  Lab.#8  at 
90°C. 

It  is  apparent,  from  the  large  scatter  seen  in  the 

results  shown  in  Fig.  11,  that  all  the  significant  factors 

that  effect  oven  aging  have  not  been  identified.  Our 

oven  results  (see  Fig.  8),  as  well  as  the  1977  robin  test 

results21  of  an  oven  aging  protocol  for  PIC  insulations, 

showed  similar  broad  scatter  in  time-to-crack  values. 

Oven  testing  of  insulations  has  been  discussed  by 
4-6  20  21 

numerous  authors  ’  ’  and  variations  in 
temperature  control  and  airflow  characteristics  inside 
the  ovens  are  assumed  to  be  the  critical  variables  in 
forced-air  oven  testing.  The  rapid  air  movement  inside 
these  ovens  accelerated  stabilizer  loss  and  oxidation 
of  the  polyethylene.  Typical  airflow  rates  inside  these 
ovens  can  range  from  50  to  1000  ft/min  with  greater 
than  100  air  exchanges  per  hour.  ASTM  Type  MB 

ovens  were  specified  in  this  round  robin  and 
temperature  control  was  expected  to  be  better  than 
±1°C  at  the  80°C  test  temperature.  Therefore, 
differences  in  airflow  rates  and/or  air  exchange  rates 
were  assumed  responsible  for  the  large  scatter  seen 
in  Fig.  11. 


Field  Lifetime  Correlations 

Several  field  samples  have  been  obtained  to 
calibrate  the  accelerated  tests  (pedestal,  oven,  OIT, 
etc..).  These  samples  were  excavated  from  burled 
cables  adjacent  to  aboveground  pedestals  where  PIC 
insulations  had  been  found  to  be  cracked  and/or  have 
low  OIT  values  (i.e„  OIT  <  2mins).  Insulations  from 
these  buried  cables  were  foam-skin  high-density 
polyethylene  insulations  with  OIT  values  from  8  to  60 
minutes.  Since  these  insulations  were  protected  by 
cable  sheaths  in  a  cool  environment,  they  are 
assumed  to  have  similar  oxidative  stability  as  when 
installed.  Most  stabilizer  extraction  by  the  filling 
compound  was  expected  to  have  occurred  during  reel 
yard  storage  and  not  during  the  buried  lifetime  of  the 
cable.  Therefore  these  PIC  insulations  were  assigned 
a  field  lifetime  equal  to  the  time  from  their  installation 
to  the  date  when  cracked  insulations  were  found  in 
pedestals. 

These  field  samples  ("as  excavated"  and 
preconditioned)  were  analyzed  for  stabilizers  and 
subjected  to  OIT,  pedestal  and  oven  tests. 


Field  Lifttime  'Years) 


Fig.  12  Weight  percent  stabilizer  versus  Field 
Lifetime 


Correlations  between  field  lifetimes  and  test  lifetimes 
as  well  as  insulation  composition  were  evaluated 
using  linear  least  square  analysis  (LLSA).  As  shown  in 
Table  2,  the  correlation  coefficients  for  the  LLSA  fits 
-were  typically  0.9  or  better  except  for  the  t0(110°C 
ped.)  values  from  preconditioned  samples.  Examples 
of  the  correlations  are  shown  in  Figs.  12-14  where 
wt%  stabilizer,  OIT  value  and  t0(110°C, pedestal)  are 
plotted  versus  field  lifetime.  The  required  test  lifetimes 
and  insulation  compositions  to  ensure  a  forty  year 
field  lifetime  can  be  calculated  by  linear 
extrapolations  from  such  plots. 


0  5  10  15  20 


Field  Lifetime  (Years) 

Fig.  13  OIT  value  versus  field  lifetime 
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Fig.  14  t0(110°C, pedestal)  versus  field  lifetime 


For  a  foam-skin  HDPE  PIC  insulation  to  have  a 
minimum  lifetime  of  40  years  in  an  aboveground 
pedestal  in  the  hot  southwest  of  USA,  these 
correlations  implied  that  an  insulation  needs  an  OIT 
value  of  270  mins  as  manufactured  ("as  received")  and 
48  mins  after  preconditioning.  To  achieve  such  OIT 
values,  "as  received"  insulations  should  contain  at 
least  ~  0.25%  of  Irganox  1010  and  ~0.28  wt%  of 
Irganox  1024.  Table  3  lists  the  predicted  test  lifetimes 
for  this  insulation  that  will  survive  a  minimum  of  40 
years  in  the  field.  Included  in  Table  3  are  test  lifetimes 
as  extrapolated  from  the  Arrhenius  relationships  . 

The  appropriate  test  conditions  for  ensuring  a  40 
year  lifetime  depends  on  the  interpretation  of 
preconditioning.  Preconditioning  at  70°C  for  4  weeks 


did  shorten  the  test  time  but  was  introduced  primarily 
to  (a)  simulate  storage  in  outside  reel  yards  in  hot 
climates  and  (b)  ensure  stabilizer  retention  at 
elevated  field  conditions,  if  preconditioning  was 
viewed  solely  as  a  means  to  shorten  test  time,  then 
the  required  t^lKFC,  pedestal)  time  should  be  ~350 
days/2.5  =  ~140  days  for  a  preconditioned  test 
sample.  The  factor  of  2.5  was  found  earlier  to  be  the 
average  effect  of  preconditioning  on  test  lifetime. 
However,  if  preconditioning  accurately  simulated  field 
conditions,  then  the  required  t0(90°C,  pedestal)  would 
be  ~350  days  for  a  preconditioned  sample. 
Temperature  measurements  in  reel  yards'®  and 
t0(90°C,  pedestal)  values  of  preconditioned  field 
samples  implied  that  the  tatter  was  true  and 
preconditioning  simulates  field  conditions. 

A  pedestal  test  on  preconditioned  PIC  insulations 
at  90°C  for  350  days  or  110°C  for  80  days  simulates 
forty  years  in  the  worst  field  conditions  expected  in 
the  USA.  Such  field  conditions  could  be  PIC 
insulations  stored  and  used  in  hot  climate  like 
Arizona.  Such  a  worst  case  scenario  would  include 
storage  for  ~1  year  in  a  cable  reel  yard  and  then 
installation  inside  an  aboveground  metal  closure  in 
full  sun  exposure  with  the  wire  pair  twisted  together. 


SUMMARY 

We  have  reviewed  the  thermal  stability  tests  for 
polyolefin  insulations  and  shown  that  a  combination  of 
OIT  tests  and  long  term  pedestal  testing  is  the  most 
reliable  method  for  selecting  insulations  for  outside 
plant  applications.  The  pedestal  test  is  reproducible 
and  simulates  field  conditions.  For  a  specific  stabilizer 


Table  3.  Laboratory  Test  Times  to  simulate  40  years  in  field 


Laboratory 

Tests 

Laboratory  Test  Time  predicted  from 

Linear  extrapolations 

Arrhenius 

Relationship 

as  received 

preconditioned 

500-600  days 

90  days 

80-100  days 

CTES3EEHB 

1000-1200  days 

200-250  days 

OIT  (200°C) 

270  mins 

48  mins 

- 
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system,  the  OIT  test  is  a  short  reliable  test  that  can  be 
used  for  quality  control.  Quantitative  understanding  of 
the  effects  of  airflow  on  PIC  insulations  is  required 
before  the  oven  test  can  achieve  interlaboratory 
reproducibility  and  be  used  as  a  product  '  'quirement 
test. 

Insulations  gathered  from  the  field  w  ;  used  to 
calibrate  the  laboratory  test  methods  and  test  criteria 
were  established  to  ensure  a  40  year  minimum 
lifetime  for  insulations  under  field  conditions. 
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ABSIBACT 

Several  parameters  that  can  dramatically 
enhance  the  degradation  process  of  PE  and  thereby 
the  cracking  of  the  insulation  have  been  identified. 
Certain  parameters  have  been  found  which  contribute 
significantly  to  impaired  lifetime  of  the  telephone  wire 
insulation.  The  effect  of  humidity  as  shown  by  the 
reduction  in  oxidation  induction  time  (O.l.T.)  is 
described.  This  effect  is  only  dominant  on  foam-skin 
insulation  and  to  date  no  mechanistic  explanation  is  in 
existence.  The  other  area  to  be  discussed  is  the  effect 
of  other  secondary  materials  around  a  telephone  splice. 
Notably  the  presence  of  polymeric  materials  that 
release  volatile  materials  during  the  aging  process.  An 
example  would  be  a  poorly  stabilized  PVC  which  on 
decomposition  can  release  hydrogen  chloride. 
Hydrogen  chloride  will  dramatically  reduce  the  oxidative 
stability  of  PE  and  PP  wire  insulation  whether  it  is  solid 
or  foam-skin.  The  importance  of  copper  in  catalyzing 
this  reaction  and  a  mechanism  is  discussed. 


lNIBQDUCIIOtt 

Polyolefin  insulated  conductors  (PIC)  have 
become  commonplace  since  the  1950's.  However,  over 
the  last  two  decades  PIC  cable  insulations  have  been  a 
subject  of  concert  due  to  the  fact  that  the  lifetime 
expectancy  of  these  insulations  has  not  lived  up  to 
expectations  in  several  geographical  locations. 

Several  changes  have  occurred  over  the  last  two 
decades  in  the  development  of  PIC  cables  including 
changing  from  low  density  polyethylene  (LDPE)  to  high 
density  polyethylene  (HDPE)  and  several  changes  in 
the  antioxidant  package  within  the  insulation.2  The 
current  incumbent  insulation  used  in  the  U.S.A.  is  HDPE 
with  an  antioxidant  package  consisting  of  Irganox  1010 
and  together  with  a  metal  deactivator.3  HDPE  is  used 
in  both  air  core  and  water  resistant  PIC  cables.  The 
current  water-resistant  PIC  cable  used  for  buried 
applications  was  first  introduced  in  1976  and  comprises 
of  a  foam-skin  design,  the  cables  are  filled  with  a  water 


resistant  material  such  as  petroleum  jelly  or  Flexgel®  4 
material. 

A  recent  report  5  has  concluded  that  the  foam- 
skin  PIC  cables  are  susceptible  to  thermal  oxidation  and 
cracking  after  less  than  a  decade  in  the  field.  The 
study  was  based  on  the  measurement  of  the  oxidation 
induction  time  (O.l.T.)  for  the  PIC  cables  from  pedestals 
in  the  South,  Southwest  and  Mid  West  U.S.A.  It  found  a 
relatively  large  percentage  of  insulations  from  HDPE 
foam-skin  to  have  O.l.T.  values  of  less  than  2  minutes, 
especially  in  the  Southwest.  The  study  also  clearly 
showed  that  the  taw  O.l.T.  or  cracking  problems  are  only 
prevalent  at  the  access  point,  i.e.  within  the  pedestals. 
Analysis  of  the  PIC  from  a  sample  of  buried  cable 
showed  that  relatively  high  O.l.T.  values  are  retained. 

Many  factors,  such  as  temperature,  stress,  and 
UV  are  known  to  affect  degradation  1.2.  We  will 
discuss  in  this  presentation  our  findings  of  an 
investigation  to  look  at  other  factors  that  effect  the 
depletion  of  stabilizers  in  PIC  cables.  In  the  study  we 
have  used  the  O.l.T.  as  a  measurement  of  depletion  of 
stabilizers.  Although  O.l.T.  values  are  not  recognized  as 
reliable  life  predictors,  accelerated  aging  tests  have 
shown  that  if  an  insulation  has  a  low  O.l.T.  it  is  more 
prone  to  cracking.  5 


EXPERIMENTAL 

Qxidatm  Induction  Times 

Insulations  were  stripped  from  their  copper 
conductor,  and  a  sample  (~  9  mg)  placed  in  an 
aluminum  DSC  pan.  The  pan  was  placed  in  a  Dupont 
21£  thermal  analyzer.  After  heating  to  200°C  in  nitrogen 
the  atmosphere  is  switched  to  oxygen.  The  time 
between  introduction  of  oxygen  and  the  onset  of  an 
exothermic  reaction  is  the  O.l.T.  value  in  minutes. 
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RESULTS 


TABLE  I 

Effect  of  Humidity  on  Solid  HDPE  Insulation 


tisrnm 

Samples  of  both  solid  and  foam-skin  PIC  cables 
were  evaluated  using  an  accelerated  test  method  at  60 
and  90°  C.  Samples  of  the  insulation  were  suspended 
in  a  sealed  8  oz.  bottle  (Figure  1),  samples  of  water, 
inorganic  salt  solution  or  dessicant  were  placed  in  the 
bottom  of  the  bottle  to  generate  various  relative 
humidities. 


FIGURE  1 

Sealed  Bottle  Experiment  Set-up 


The  results  show  that  there  is  virtually  no  effect  of 
humidity  on  the  O.l.T.  of  solid  HDPE,  (Table  I).  In  the 
case  of  foam-skin  HDPE  the  reduction  in  O.I.T.,  when 
compared  to  a  dry  sample,  is  dramatic  even  at  the 
relatively  low  temperature  of  60°C  (Table  II).  After  6 
weeks  at  60°C,  in  approximately  90%  relative  humidity, 
the  O.l.T.  value  for  foam-skin  PIC  has  dropped  to  25%  of 
its  original  value.  At  90°C  the  effect  is  larger  but  is 
accompanied  by  the  oxidative  effect  since  the  dry 
sample  lost  approximately  30%  of  its  original  value. 


O.l.T.  attar  8  weeks 
Sample  at90°c  (Mim 

Control  (Dry)  122 

Humidity  (Water)  125 

Initial  O.l.T.  of  sample  150  ±  7  minutes  @  200°C 

TABLE U 


ElteeLolHumlditvon  Foam-skin  HDPE  Insulation 


O.l.T.  value 

O.l.T.  value 

Relative 

after  6  weeks 

after  6  weeks 

Humidity  <%t 

at  60°C  (mint 

at  90-0  {mint 

Dry 

48 

32 

48 

23 

14 

90 

12 

4 

Initial  O.l.T.  46  ±  5  minutes  <§>  200°C 

Other  experiments  have  been  carried  out  to 
further  show  the  effect  of  humidity.  The  results  of  the  first 
experiment  are  shown  in  Figure  2.  In  this  case  a  sample 
of  cable  that  had  been  preaged  and  opened  to  give  a 
splice  situation  was  subjected  to  aging  at  70°C  and  95% 
relative  humidity  for  up  to  6  weeks,  after  which  time 
period  only  50%  of  the  original  O.l.T.  remained.  In  the 
other  sample  the  cable  splice  was  used  with  a  sealed 
closure  PEDCAP  GT®,  in  which  dessicant  was  present. 
In  the  latter  case  70%  of  the  original  O.l.T.  is  maintained. 
Neither  samples  were  cleaned  of  filling  compound. 


FIGURE  2 

Plot  of  OIT  Retention  for  Samples  of  Splices  Aged 
at  70°C  and  95%  Relative  Hum'dity 
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In  a  second  experiment  samples  of  splices  made 
from  a  preaged  cable  (4  weeks  at  60°C  and  2  weeks  at 
80°,  O.l.T.  21  ±  3  minutes  white  wire  in  green-white  pair, 
blue  binder)  were  placed  in  a  test  site  in  Arizona  and 
covered  with  PEDCAP®  heat  shrinkable  sealed 
closures  inside  a  metal  pedestal  closure.  One  sample 
contained  the  normal  addition  of  a  dessicant  bag,  in  a 
second  sample  the  bag  was  removed  and  replaced  with 
a  moist  sponge  thereby  generating  a  humid  atmosphere 
within  the  closure.  After  11  months  of  exposure  in 
Arizona  the  closures  were  re-entered  ( the  sponge  was 
still  moist)  and  the  O.l.T.  values  for  the  control  wire  were 
measured.  The  closure  containing  the  dessicant  had 
maintained  77%  of  the  original  O.l.T.  whereas  the 
closure  containing  the  wet  sponge  maintained  only 
33%.  Interestingly,  a  sample  which  had  na  closure  on 
the  splice  had  maintained  less  than  5%  of  the  original 
O.l.T.  value. 

Using  the  experimental  set  up  shown  in  Figure  1 
the  effects  of  materials  other  than  water  have  been 
evaluated.  Samples  of  other  materials  were  placed  in 
the  bottom  of  the  sealed  bottles  and  aged  at  90°C,  in  no 
case  was  there  any  contact  between  the  sample  and  the 
insulation  under  evaluation.  A  sample  of  an  unstable 
grade  of  polyvinylchloride  (PVC)  when  placed  in  the 
bottom  of  the  bottle  and  aged  for  6  weeks  at  90°C 
showed  a  dramatic  reduction  in  the  O.l.T.  of  a  sample  of 
solid  HDPE,  the  sample  retained  only  13%  of  its  original 
O.l.T.  whereas  a  sample  with  no  unstable  PVC  retained 
70%  of  its  original  O.l.T. 

This  discovery  led  us  evaluate  a  range  of  different 
PVC  materials  relating  to  the  outside  plant  applications 
and  Table  III  shows  the  results  of  bottle  experiments  at 
90°C  on  both  solid  and  foam-skin.  All  these  grades  of 
PVC  were  taken  from  products  commonly  used  in  the 
outside  plant. 

The  effect  of  some  other  materials  are  shown 
insulations  in  Table  IV.  Polyethylene  shows  little  or  no 
effect,  whereas  a  silicone  RTV  system  and  a  sample  of  a 
Neoprene  foam  shows  significant  reduction  in  O.l.T. 
The  results  shown  in  Table  III  and  IV  lead  us  to  believe 
that  acid  outgassing  was  occurring,  thereby  leading  to 
stabilizer  depletion.  The  experiment  above  with  the 
unstable  grade  of  PVC  in  the  sealed  bottle  was 
repeated  but  an  acid  scavenger  was  added,  in  this  case 
the  O.l.T.  of  the  insulation  under  evaluation  was 
identical  to  that  of  a  control  sample. 


TABLE  III 

Seal  Bottle  Experiments  with  PVC  Samples 


Solid  HDPE  1 

Foam-skin  HDPE  2 

Sample 

O.l.T.  (Mint 

After  x  weeks  at  90«C 

QlLiMlOl 

Atter  2  weeks  at  9Q°C 

8  Wks 

16  Wks  26  Wks 

Control 

124 

107 

111 

9.9 

PVC  (1) 

34 

1 

1 

6.4 

PVC  (2) 

24 

1 

1 

2.6 

PVC  (3) 

38 

1 

1 

- 

PVC  (4) 

90 

60 

1 

■ 

PVC  (5) 

74 

47 

15 

- 

PVC  (6) 

114 

97 

100 

- 

1.  Initial  O.l.T.  150  ±7  min. 

2.  Initial  O.l.T.  14  ±  0.5  min. 


TABLE  IV 

Sealed  Bottle  Experimentsia  Evaluate 
Solid  HDPE  Insulation  1  With  Other  Materials 

O.l.T.  After 

Sample  5Weeksat90.°C(Minl 

Control  131 

PE  Insulation  120 

Silicone  RTV  40 

Neoprene  Foam  1 5 

1 .  Initial  O.l.T.  1 50  ±  7  min.  @  200°C 
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The  results  described  so  far  were  from 
experiments  where  there  was  no  contact  of  the  sample 
with  the  HOPE  insulation  sample  and  therefore  we  were 
dealing  only  with  volatile  materials  which  were 
outgassed  from  the  sample  being  investigated.  In  the 
next  series  of  experiments,  the  material  under 
evaluation  was  in  contact  with  HDPE  insulation.  The 
experiment  was  as  follows:  two  sets  of  white  solid  HDPE 
insulations  were  prepared,  one  set  was  aged  at  80°C 
and  the  other  at  120°C  in  a  sealed  glass  tube.  The  sets 
comprised  of  normal  insulation  (solid  HDPE),  insulation 
with  the  copper  conductor  removed  and  samples 
wrapped  with  a  clear  PVC  tape.  The  results  are  shown 
in  Table  V  and  VI  for  temperature  120°C  and  80°C, 
respectively.  At  120°C  there  is  a  dramatic  reduction  in 
O.l.T.  when  either  the  PVC  alone  or  PVC  and  copper  are 
present,  whereas  at  80°C  the  rapid  reduction  of  O.l.T. 
only  occurred  when  both  PVC  and  copper  were  present. 
At  both  temperatures,  when  both  PVC  and  copper  were 
present  a  yellow  powder  developed  at  the 
copper/insulation  interface,  the  infrared  spectrum  of  this 
is  shown  in  comparison  to  Irganox  1010  in  Figure  3.  In 
addition,  the  copper  concentration  of  the  HDPE 
insulation  after  aging  for  88  hours  at  80°C  with  and 
without  PVC  tape  was  determined  to  be  322  and  22 
ppm,  respectively. 


TABLO 


O.l.T.  Values  as  a  Function  of  Aoina  Time  al  120°C 


Aaing  Time  (hrs) 

Control 

BVC-Qnly 

PVC  +  Conductor 

0 

128 

. 

. 

90 

127 

5 

1 

268 

116 

4 

1 

TABLE  VI 

O.l.T.  Values  as  a  Function  of  Aging  Time  at  80°C 


AglnoTime  (hrs) 

Control 

PVC  Onlv 

PVC  +  Conductor 

0 

128 

- 

- 

90 

115 

108 

2 

268 

104 

95 

1 

FIGURE  3 

IR  Spectra  of  Yellow  Solid  Detected  at 
Copper/PE  Interface 


B1SCUSSIQN 

The  results  clearly  show  the  effect  of  humidity  on 
the  oxidative  stability  of  foam-skin  PIC  cables,  in  both 
laboratory  and  field  studies.  The  reduction  in  stability 
only  occurs  for  foam-skin  PIC,  whereas  solid  PIC  shows 
no  effect.  Pusey  and  co-workers  6  have  reported  that 
the  oxidative  stability  of  solid  PE  insulation  is  in  fact 
enhanced  by  the  presence  of  moisture  and  they 
postulated  that  the  enhancement  is  a  consequence  of  a 
reduction  in  oxygen  concentration.  Their  experiments 
were  similar  to  the  ones  reported  here  since  samples  of 
insulation  were  hung  over  water  in  a  sealed  vessel. 

The  results,  in  the  presence  of  humidity,  for  foam 
-skin  PIC  must  be  related  to  the  loss  of  stability  and 
thereby  antioxidant  depletion  as  shown  by  a  dramatic 
reduction  in  O.I.T.;  The  mechanism  of  this  antioxidant 
depletion  not  understood  and  no  explanation  can  be 
given  at  this  stage  especially  since  it  occurs  very  rapidly 
at  relatively  low  temperatures  and  high  relative  humidity. 
The  difference  between  the  solid  and  foam-skin  PIC  with 
respect  to  humidity  is  presumably  due  to  the  cellular 
structure  of  the  foam-skin  design.  The  cellular  structure 
will  give  rise  to  a  substantially  larger  moisture  vapor 
transmission  rate  when  compared  to  a  solid  insulation 
construction.  One  could  speculate  on  effects  such  as 
the  leaching  out  of  the  antioxidants,  (although  attempts 
to  detect  stabilizers  in  the  water  residues  proved 
negative)  and  possible  hydrolysis  of  the  stabilizers. 
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In  this  study  we  have  used  O.l.T.  as  a  measure  for 
the  effect  of  humidity,  Grune  and  Talarico  have 
reported7  on  the  effect  of  temperature  and  humidity  of 
foam-skin  HOPE  using  ultimate  elongation  (as  the  end¬ 
point)  to  build  an  Arrhenius  model.  They  predicted  only 
1.4  years  at  45°C  and  98%  relative  humidity,  the  value 
for  activation  of  energy  was  determined  to  be  2.81 
kcal/mole.  This  value  is  substantially  lower  than  that 
reported  8  (23.4  kcal/mole)  for  a  study  on  the  oxidation 
of  HDPE  by  air  oven  aging  at  between  105  and  150°C. 

The  field  studies  in  Arizona  show  the  benefit  of 
protecting  a  PIC  cable  splice  with  a  sealed  closure  in 
which  a  dessicant  is  present  to  give  a  low  humidity 
environment  inside  the  closure.  A  recent  technical 
memorandum  8  issued  by  Bellcore  reports  a  substantial 
difference  in  the  O.l.T.  values  of  open  splices  versus  a 
PEDCAP®  airtight  sealed  splice  in  which  a  dessicant 
was  present;  the  latter  showing  significantly  higher 
O.l.T.  values.  The  results  may  be  explained  by  the 
action  of  a  very  humid  environment  since  the  samples 
that  were  analyzed  came  from  a  site  in  Mobile,  Alabama, 
and  had  been  in  the  field  for  5  years. 

The  accelerated  aging  tests  with  other  materials 
show  that  some  materials  in  the  vicinity  or  in  contact  with 
PIC  cables  can  have  a  detrimental  effect  on  the 
oxidative  stability  of  the  HDPE  insulation.  In  this  case 
the  effect  is  seen  on  both  solid  and  foam-skin  insulation 
and  is  thereby  different  from  the  effect  of  humidity  which 
is  only  prevalent  on  the  foam-skin  design. 

The  effect  of  the  PVC  in  our  experiments  can  be 
explained  in  terms  of  the  stability  of  the  PVC.  PVC  is 
known  to  dehydrohalogerate  10  during  degradation, 
with  a  mechanism  that  is  autocatalytic  and  generally 
proceeds  at  temperatures  above  the  Tg  of  the 
composition.  The  more  susceptible  that  PVC  is  to 
degradation  then  the  more  dehydrohalogenation  that 
will  occur.  It  is  the  product  from  dehydrohalogenation 
(hydrogen  chloride)  that  penetrates  the  HDPE  insulation 
and  leads  to  stabilizer  depletion.  In  fact,  in  a  sealed 
bottle  experiment  using  one  drop  of  concentrated 
hydrochloric  acid  an  O.l.T.  value  of  0.5  minutes  was 
reached  in  2  days  at  90°C.  The  results  in  Table  III  show 
that  care  must  be  taken  in  using  PVC  as  a  generic 
material  since  many  grades  are  very  well  stabilized  and 
do  not  show  a  significant  effect  after  8  weeks  at  90°C.  A 
moisture  curing  silicone  RTV  also  shows  an  effect  in 
reducing  O.l.T.  and  therefore  the  attack  of  acid  gases  is 
not  limited  to  hydrogen  chloride. 


The  experiments  which  were  carried  out  with  a 
poorly  stabilized  PVC  tape  in  contact  with  HDPE 
insulation  in  the  presence  and  absence  of  copper 
indicates  that  at  low  temperatures  the  hydrogen  chloride 
attacks  the  copper.  In  the  absence  of  copper,  very  little 
reaction  is  seen  at  80°C  whereas  reaction  readily  occurs 
at  1 209C.  It  appears  that  at  1 20°C  there  is  a  direct  attack 
of  hydrogen  chloride  on  the  HDPE.  Kresta  et  at 1 1  have 
reported  the  attack  of  hydrogen  chloride,  generated  from 
residual  Ziegler-Natta  catalysts,  on  antioxidants  at  very 
high  temperatures  for  the  case  of  polypropylene,  (PP) 
the  effect  led  to  a  reduction  in  stability  of  the  PP  after 
processing. 

At  the  lower  temperature  of  80°C  the  hydrogen 
chloride  appears  to  only  attack  the  insulation  in  contact 
with  copper.  This  implies  that  the  acid  gas  is  diffusing 
through  the  HDPE  insulation  and  attacking  at  the 
copper/PE  interface  and  causing  the  production  of 
copper  salts.  Any  chemical  activity  at  the  copper/PE 
Interface  will  activate  the  antioxidants,  especially  the 
metal  deactivator  (Irganox  1024).  Evidence  of  activity 
can  be  seen  by  the  presence  of  the  yellow  solid  at  the 
interface.  The  infra-red  analysis  would  suggest  a 
complex  material,  the  structure  of  which  is  closely 
related  to  some  phenolic  antioxidant  as  shown  by  the 
close  similarity  to  Irganox  1010.  Further  evidence  of 
the  effect  of  copper  can  be  seen  from  the  order  of 
magnitude  increase  in  copper  salt  concentration  in  the 
insulation  after  aging  at  80°C  of  solid  HDPE  in  contact 
with  PVC.  The  copper  catalyzed  oxidation  process  for 
PE  insulation  is  well  known  12,  13  and  has  been 
extensively  studied. 

The  effect  of  these  materials  on  the  oxidative 
stability  of  PIC  cable  is  difficult  to  assess  in  an  outside 
plant  environment  where  temperatures  of  less  than  65°C 
are  seen.  Direct  contact  of  an  unstable  PVC  on  a  PIC 
insulation  is  probably  a  worst  case  situation,  so  this 
should  be  avoided.  In  the  case  of  an  unstable  PVC 
grade  or  other  materials  used  in  the  outside  plant,  care 
should  be  taken  to  evaluate  the  stability  of  the  materials 
since  acid  £as  generation  will  certainly  lead  to  a 
reduction  in  oxidative  stability  of  the  insulation.  We  have 
detected  hydrogen  chloride  from  unstable  tapes  heated 
at  60°C  for  several  weeks,  and  there  are  unpublished 
reports  of  corrosion  in  the  outside  plant  being  reported 
to  be  due  to  the  presence  of  PVC  materials.  The  effect  is 
certainly  not  as  dominant  as  the  effect  of  humidity  which 
can  be  stated  to  be  a  major  contributing  factor  in  the 
case  of  foam-skin  PIC.  Other  effects  on  materials  such 
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as  UV  irradiation  have  not  been  investigated  but  would 
be  expected  to  contribute  to  the  degradation  of  a  range 
of  materials  such  as  PVC  and  lead  to  the  generation  of 
acid  gases. 

Accelerated  aging  ^  is  often  used  as  a 
means  to  give  some  predictability  of  the  lifetime  of  PIC 
cables  in  the  field.  Caution  must  certainly  be  used  in 
these  tests  to  ensure  that  no  detrimental  materials  are  in 
the  vicinity  of  the  samples  under  evaluation. 


Several  factors  have  been  shown  to  contribute  to 
the  depletion  of  stabilization  PIC  cables  as 
demonstrated  by  a  reduction  in  the  oxidation  induction 
time.  This  reduction  will  certainly  lead  to  an  enhanced 
degradation  process  and  could  lead  to  premature  failure 
of  the  cable  in  the  form  of  embrittlement  leading  to 
cracking  of  the  insulation.  Humidity  has  been 
demonstrated  to  be  a  major  factor  in  reducing  oxidative 
stability  although  the  mechanism  of  depletion  is  not 
understood.  Other  materials  that  release  acid  gases  on 
decomposition  during  heat  exposure  also  reduce  the 
oxidative  stability  of  PIC.  A  mechanism  has  been 
proposed  which  involved  corrosive  attack  on  the  copper 
and  then  subsequent  antioxidant  depletion 
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FIELD  TEMPERATURES  IN  OUTSIDE  PLANT 
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ABSTRACT 

Temperatures  found  in  outside  plant  closures  and  reel 
yards  have  been  measured  as  a  function  of  time-of- 
day,  plant  design  and  local  climate.  The  time- 
temperature  profiles  were  explained  in  terms  of  local 
climate  and  heat  flow  characteristics  of  the  various 
closure  designs.  The  high  temperatures  found  Inside 
aboveground  closures  (140-150 +  °F)  and  in  the  reel 
yard  (175°F)  were  particularly  alarming  r  <ce  future 
networks  will  include  widespread  Inst,  ation  of 
remote  switch  electronics  and  optical  fiber  in  these 
outside  environments.  Temperature  profiles  for  both 
pedestals  and  cross-connect  boxes  were  understood 
as  a  competition  between  solar  heating  and  heat 
dissipation  to  the  ground  and  air.  Internal  electronics 
and  solar  radiation  were  of  equal  importance  in 
heating  SLC  cabinets  to  peak  temperatures  of  140 +°F. 


INTRODUCTION 

Aboveground  metallic  and  plastic  closures  are 
used  to  access  buried  plant  and  provide  protection 
from  the  environment.  The  recent  cracking  of 
polyethylene  insulations  inside  such  closures1  has 
highlighted  the  increased  thermal  degradation 
produced  by  solar  heating  of  the  closures.  High 
temperature  in  outside  plant  is  a  major  concern  as 
modern  switch  technology  expands  out  of  the  central 
office  towards  the  home.  For  instance,  integrated 
circuit  packs  are  used  in  SLC  (Subscriber  Loop 
Carrier)  cabinets  and  battery  operated  electronics 
located  on  the  outside  of  houses  are  being 
contemplated.  The  electronics  and  batteries  are  well 
known  to  be  sensitive  to  high  temperatures,  humidity 
and  dust  which  are  all  present  in  the  outside  plant**. 

In  1971,  temperatures  inside  B-type  pedestals  were 
reported  to  reach  125-130°F  in  hot  climates  like 
Phoenix,  Arizona3,4.  Since  plant  closure  designs  and 
practices  have  changed  significantly  since  1971,  the 
temperatures  reached  inside  such  closures  need  to  be 
reviewed.  Previous  studies  on  the  solar  heating  of 
cabinets  have  not  included  field  data  from  installed 


5  6 

operating  plant  ’  .  This  memorandum  reports 
temperatures  measured  in  aboveground  closures  in 
New  Jersey  and  Arizona  during  the  summer.  New 
Jersey  reoresents  a  low  risk  area  and  Arizona 
represents  a  high  risk  area  for  thermally-initiated 
degradation  processes.  Temperatures  were  measured 
in  pedestals,  cross-connect  cabinets  and  SLC  cabinets 
as  a  function  of  time  and  position.  In  addition, 
temperatures  of  various  cables  (copper  and  fiber) 
stored  in  an  outside  reel  yard  are  reported. 

EXPERIMENTAL 

Three  standard  PC  6/48  pedestals  (6x6x48  inch), 
two  typical  cross-connect  cabinets  (6x4x2  feet)  and  two 
SLC  remote  switch  cabinets  (6x4x2  feet)  were 
examined  and  the  individual  sites  are  listed  in  Table  1. 
These  closures  are  representative  of  the  aboveground 
closures  currently  used  by  most  telecommunication 
companies  in  their  outside  plant. 

AMEC  Thermologgers  Model  TL-10  were  used  to 
measure  and  record  temperatures  at  ten  individual 
positions  at  each  site.  The  unit  operated  for  up  to  2 
days  using  6V  batteries  recording  the  temperatures 
every  20-60  minutes.  Chromel-Alumel  solid  wire 
thermocouples  (24  AWG)  were  positioned  inside  and 
outside  the  closures.  Outside  locations  included  (a)  in 
the  air  adjacent  to  the  closure,  (b)  under  bushes  near 
to  closure,  (c)  buried  1-2  inches  in  ground  and  (d) 
taped  to  the  outside  of  the  closure.  Typical 
thermocouple  locations  at  closure  sites  were 

•  taped  to  top  of  closure 

•  inside  wire  bundles  or  to  splices  (i.e.,  wireworks) 

•  in  air  at  top,  middle  or  bottom  of  closure 

•  with  wire  bundle  inside  sheathed  cable  at  cable 
entry  point 

•  taped  to  terminal  plate  in  pedestals 

•  inside  splice  chambers  in  cabinets 

•  taped  to  cross-connect  blocks  in  cabinets  (top  or 
bottom) 
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TABLE  1.  SITE  LOCATION 


SITE 

LOCATION 

PLANT  TYPE 

COMMENTS 

#1 

Llncroft 

New  Jersey 

Pedestal  PC  6/48 

Pedestal  faces  west 
Wooded  suburbia 

#2 

Via  Villa,  Phoenix 
Arizona 

Pedestal  PC  6/48 

Pedestal  faces  south 
full  sun  exposure 

#3 

42nd/Dynamite, 
Phoenix, Arizona 

Pedestal  PC  6/48 

Pedestal  faces  west 

Full  sun  exposure 
rural  -  open  desert 

#4 

1022  N.  Central, 
Phoenix,  Az. 

Cross-Connect  Cabinet 
Type-40  cabinet 
set  on  concrete  slab 

Cabinet  opens  east-west 
Full  sun  exposure 
rural  -  open  desert 

#5 

N.  52nd 

Phoenix,  Az. 

Cross-Connect  Cabinet 
Type-80  cabinet 

Cabinet  opens 
north-south 

SLC  Cabinet  Type-80D 

6  fans 

Cabinet  opens 
north-south 

#6 

Desert  Cove, 
Phoenix,  Az. 

SLC  Cabinet 

Type-40  cabinet 
set  on  concrete  slab 

2  fans  using  outside  air 

Cabinet  opens 
east-west 

Full  sun  exposure 

#7 

38th  Ave., 

Phoenix,  Az. 

Reel  Yard 

Asphalt  surface 

Open  lot  -  full  sun 

•  inside  SLC  electronics  (i.e.,  air  gaps  between 
channel  banks) 

••inside  fiber  splice  compartment  in  SLC  cabinets 

A  two  channel  Fluke  model  52  K/L  thermometer  was 
used  for  short  term  measurements  (2-10  minutes)  in 
the  cable  reel  yard  and  reference  measurements  at 
closure  sites.  In  addition,  maximum  temperatures 
were  recorded  using  non-reversible  temperature 
labels  from  Omega  Engineering.  The  labels  provided 
calibration  checks  for  the  other  meters  as  well  as  long 
term  data  (more  than  one  week)  from  the  survey  sites. 


RESULTS  AND  DISCUSSIONS 

Pedestals 

Buried  cables  are  typically  placed  ~30  inches 
deep  and  brought  above  ground  for  splicing, 
terminations  and/or  connections.  These  access  points 
are  protected  inside  metal  pedestals  that  are  typically 
4-10  inches  square  and  24-48  inches  high.  The  cable 
enters  the  bottom  of  the  pedestal  (18-24  inches  below 
ground)  and  is  brought  up  into  the  top  half  of  the 
pedestal  where  the  cable  sheath  is  removed  and  the 
exposed  insulated  wires  are  spliced  or  terminated. 

Figures  1-3  show  the  time-temperature  profiles  for 
the  pedestal  locations  studied.  Temperatures  inside 
the  pedestals  can  reach  25°F  higher  than  the 


surrounding  air  because  of  solar  heating  of  the  metal 
pedestal.  Temperature  extremes  and  other 
characteristics  of  the  time-temperature  profiles  are 
listed  in  Tables  2-3.  Maximum  temperatures  of  125- 
130°F  (~50°C)  were  reached  inside  pedestals  when 
the  outside  air  temperatures  reached  ~  100°F.  A  1971 
study3,  of  B-type  pedestals  reported  similar 
maximum  temperatures  of  125-130°F  for  air 
temperatures  of  100-105°F;  i.e.,  a  difference  of  20-25°F. 


Fig.  1  Time-temperature  profiles  for  site  #1 


•  Top  ol  pedestal  -  inside  metal  surface 
x  Wireworks  ■  middle  of  pedestal 
■  B#k>w  ground  level  -  bottom  ol  pedestal 
o  Outside  air  temperature 
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Fig.  2  Time-temperature  profiles  for  site  #2 


Site  #1  was  a  pedestal  in  suburban  New  Jersey 
with  plentiful  shade  in  the  morning  and  late  afternoon. 
The  air  temperature  varied  from  ~70°F  (4-6  am)  to 
90  +  °F  (3-4  pm).  The  temperature  of  the  inside  top 
surface  of  the  pedestal  peaked  at  120°F,  the  metal 
terminal  plate  at  105-1 10°F,  and  the  wireworks  at  100- 
105°F.  The  cable  situated  in  the  lower  part  of  the 
pedestal  is  below  ground  level  and  therefore  not 
affected  by  the  solar  radiation.  In  addition,  the  ground 
acted  as  an  insulator  and  caused  temperatures  below 
ground  level  to  be  lower  than  air  temperature  during 
the  heat  of  the  day  and  ~5°F  warmer  at  night.  At 
night,  the  earth  radiated  the  heat  absorbed  during  the 
day  into  the  bottom  section  of  the  pedestal. 


Pedestals  at  sites  #2  and  #3  in  Arizona  were  the 
same  PC  6/48  design  as  used  at  site  #1  in  New  Jersey. 
On  the  days  we  measured  temperatures,  the  peak  air 
temperatures  in  Phoenix,  Arizona  was  100-105°F 
compared  to  the  85-90°F  In  New  Jersey.  In  addition, 
the  ground  temperature  in  Arizona  was  up  to  25-30°F 
warmer  than  that  measured  in  New  Jersey.  The 
observed  differences  in  pedestal  temperatures 
between  sites  #2,3  and  #1  arose  from  the  desert-like 
climate  and  flat,  treeless  terrain  in  the  Phoenix  area. 
While  the  time-temperature  profile  for  site  #1  was 
roughly  gaussian,  the  profiles  for  the  pedestals  in 
Arizona  were  square-shaped  with  a  rapid  temperature 
increase  at  sunrise  and  a  corresponding  rapid 


Fig.  3  Time-temperature  profiles  for  site  #3 


TABLE  2.  TEMPERATURE  EXTREMES 
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TABLE  3.  TIME-TEMPERATURE  PROFILES 


SITE 

CHARACTERISTICS  AT  WIREWORKS 

T 

Time  that  wireworks  were 

Width  al 

within 

above 

hall  height 

10°F  of T 

90°F 

(hours) 

(hours?3* 

(hours) 

#1 

105 

3-4 

8-9 

9 

#2 

125 

6 

12 

12 

#3 

122 

6 

12-13 

12-13 

#4 

115-120 

5-6 

12 

13 

#5 

Cross-Box 

120-125 

6-7 

11-12 

11 

SLC-Box 

134-138 

6 

24 

11-12 

decrease  at  sunset.  The  pedestals  in  Arizona 
experienced  higher  absolute  temperatures  and 
remained  at  these  maximum  temperatures  twice  as 
long  as  the  pedestal  in  New  Jersey. 

At  site  #2,  the  temperature  was  uniform  in  the  top 
half  of  the  pedestal;  i.e.,  the  same  time-temperature 
profile  was  found  for  the  air,  the  wireworks  and  the 
terminal  plate,  see  Fig.  2.  In  contrast,  temperatures  in 
the  pedestal  at  site  #3  showed  an  asymmetry  between 
the  east  and  west  sides  of  the  pedestal  (Fig.  3).  The 
east  side  was  warmer  in  the  morning  and  the  west 
side  was  warmer  in  the  afternoon.  The  pedestals  in 
Arizona  are  usually  on  flat  ground  with  few  trees  and 
experience  full  sun  exposure  with  minimal  cloud 
cover.  The  different  temperatun  profiles  were 
assumed  to  arise  from  the  orientation  of  the  two 
pedestals;  site  #2  faced  south  and  site  #3  faced  west. 
At  site  #2  the  terminal  plate  conducted  heat  from  the 
exposed  side  to  the  shaded  side  of  the  pedestal  and 
rapidly  brought  the  whole  aboveground  section  of  the 
pedestal  into  thermal  equilibrium.  Since  the  terminal 
plate  at  site  #3  connected  the  north  and  south  sides  of 
the  pedestal,  thermal  equilibrium  within  the  pedestal 
was  not  reached  and  the  temperature  distribution 
inside  the  pedestal  tracked  the  sun’s  position. 

There  are  three  general  conclusions  from  the 
measurements  in  pedestals  (sites  #1-3): 

•  In  full  sun  exposure,  the  maximum  temperature 
difference  between  the  air  temperature  and  the 
wireworks  inside  a  pedestal  was  ~20-25°F  (10- 
15°C). 

•  The  shape  of  the  daily  time-temperature  profile 
was  determined  by  the  local  geography.  For 
example,  the  profile  was  square-shaped  for  open 
desert  environments  and  gaussian  for  shady 
suburbia. 

•  The  temperature  profile  inside  the  pedestal 
showed  only  minor  variation  presumably 
because  of  efficient  thermal  conduction  through 


the  metal  terminal  plate  smoothed  out  any  steep 
thermal  gradients. 

Cross-connect  Cabinets 

Cross-connect  cabinets  (also  known  as  Feeder 
Distribution  Interfaces,  FDIs)  are  network  distribution 
points  and  are  typically  6x4x2  feet  metal  boxes 
containing  as  many  as  a  thousand  cross-connections 
and  cable  splices  junctions.  The  cable  splices  are 
made  inside  a  central  chamber  (6x4x1  ft)  of  the 
cabinet.  Buried  cables  enter  these  chambers  and 
splices  are  made  and  arranged  in  six  compartments. 
The  cross-connections  are  made  through  terminal 
blocks  that  are  mounted  on  the  outer  6x4  foot  walls  of 
this  section.  The  cabinet  at  site  #4  was  mounted  on  a 
concrete  slab  at  ground  level  (type  40  cabinet).  The 
second  cabinet  (site  #5)  was  raised  12-18  inches  off 
the  ground  by  two  legs  through  which  the  cables 
entered  (type  80  cabinet). 

The  time-temperature  profiles  for  the  two  cross- 
connect  boxes  examined  in  Arizona  are  shown  in  Figs. 
4  and  5.  Similar  to  the  pedestal  at  site  #3,  the  time- 
temporature  profiles  for  site  #4  showed  an  asymmetry 
with  the  east  side  warmer  in  the  morning  and  the  west 
side  warmer  in  the  afternoon.  The  metal  frames  inside 
the  cabinet  at  site  #4  were  oriented  north-south  and 


Fig.  4  Time-temperature  profiles  for  site  #4 
cross-connect  box 
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therefore  heat  conduction  from  east-to-west  side  was 
inefficient. 

The  temperature  of  the  wireworks  inside  the 
splicing  chamber  was  uniform  and  peaked  at  5-10°F 
higher  than  the  air  temperature.  The  maximum 
temperature  at  the  cable  entry  point  at  the  bottom  of 
the  splice  chamber  was  105-108°F,  only  2-5°F  warmer 
than  the  outside  air.  There  is  a  2-4  hour  delay 
between  the  peak  temperature  of  the  outside  air  (105- 
7°F)  and  the  peak  temperature  of  the  wireworks  in  the 
splice  chamber  (110°F).  This  thermal  lag  is  the 
characteristic  time  for  the  solar  heating  of  the  cabinet 
components  including  the  outer  steel  doors, 
connection  blocks,  inner  steel  doors  and  copper  wires. 
The  more  material  between  the  plant  and  the  sun,  the 
longer  the  thermal  lag  was  and  the  lower  was  the 
peak  temperature.  The  thermal  mass  of  the  cabinet 
acted  as  a  insulator  for  the  components  inside.  The 
peak  temperatures  inside  this  cabinet  were  equal  to 
the  peak  temperatures  found  in  the  pedestal  at  site  #2 
that  was  within  0.5  miles  of  this  cabinet  location. 
These  similarities  in  peak  temperatures  and  time- 
temperature  profiles  imply  that  pedestals  and  cross- 
connect  cabinets  are  equivalent  as  absorbers  of  solar 
radiation. 

The  second  cross  connect  cabinet  (site  #5)  is 
oriented  east-west,  opens  to  the  north  or  south,  is  set 
12-18  inches  off  the  ground  and  is  not  exposed  to  the 
windy  conditions  found  at  site  #4.  We  measured 
temperatures  at  the  top  and  bottom  r f  the  terminal 
blocks  as  well  as  in  the  wire  duct  at  the  middle  of  the 
blocks.  The  air  temperatures  varied  from  102°F  to 
75°F.  At  the  hottest  part  of  the  day,  a  linear 
temperature  gradient  was  established  with  the  top  of 
the  cabinet  at  ~125°F  and  the  bottom  at  -  115°F.  The 
hot  air  rose  and  concentrated  at  the  top  of  the  cabinet. 
At  night  the  gradient  disappeared  and  the 
temperature  inside  the  cabinet  cooled  to  70-74°F. 

The  temperature  differential  between  the 
wireworks  and  the  outside  air  is  a  useful  parameter 
for  comparing  different  sites,  see  Table  2.  The 
maximum  differentials  were  18-23°F  for  the  type  80 
cabinet  at  site  #5  and  10-15°F  for  the  type  40  cabinet  at 
site  #4.  The  heat  absorbed  into  the  site  #4  cabinet  was 
more  efficiently  dissipated  into  the  ground  and  air 
than  for  the  type  80  cabinet  at  site  #5.  All  the 
pedestals  and  cross-connect  cabinets  examined  in 
Arizona  (sites  #2-5)  showed  similar  square  shaped 
time-temperature  profiles,  similar  values  of  peak 
temperatures  and  a  maximum  temperature  increase 


Fig.  5  Time-temperature  profiles  for  site  #5 
cross-connect  box 

above  the  ambient  air  temperature  of  15-20°F.  Our 
results  for  both  pedestals  and  cross-connect  cabinets 
are  simply  understood  by  considering  the  closures  as 
metal  boxes  heated  by  solar  radiation  with  heat 
dissipation  to  the  air  and  ground. 

SLC  Remote  Terminal  Cabinets 

Subscriber  Loop  Carrier  (SLC)  cabinets  are 
switching/distribution  centers  located  far  from  the 
central  office.  A  SLC  cabinet  has  several 
compartments  containing  (1)  AC  and  battery  power 
supplies,  (2)  up  to  four  individual  switching  systems 
with  many  electronic  boards  and  channel  packs,  and 
(3)  fiber  and/or  copper  cables  spliced  into  the  switch. 
In  respect  to  this  temperature  study,  the  major 
differences  between  SLC  cabinets  and  cross-connect 
cabinets  are: 

•  A  SLC  cabinet  contains  heat-producing  electronic 
components  and  power  sources  (AC  and 
batteries). 

•  SLC  cabinets  have  fans  to  recirculate  air  and 
cool  components:  e.g.,  the  cabinet  at  site  #5 
contained  six  fans  that  operated  continuously. 

•  SLC  cabinets  have  weather  tight  seals  to  prevent 
pollutants  and  dust  particles  from  contaminating 
the  electronic  components.  These  seals  also 
restrict  air-exchange  with  the  outside. 

•  The  airflow  within  SLC  cabinets  is  restricted  by 
the  high  density  of  electronic  components  and 
the  compartment  walls. 
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The  temperature  measurements  in  the  SLC  cabinet 
at  site  #5  are  summarized  in  Fig.  6  and  Tables  2,3. 
The  time-temperature  profiles  should  be  compared 
with  the  cross-connect  cabinet  results  in  Fig.  5  since 
both  are  type-80  cabinet6  and  share  the  same  site  and 
climate.  The  absolute  temperatures  inside  the  SLC 
cabinet  reached  135-140°F  when  the  outside  air 
temperature  reached  102-104°F.  At  night  the  SLC 
cabinets  operated  at  ~20°F  above  ambient  air 
temperatures.  In  contrast,  the  temperatures  inside 
pedestals  and  cross-connect  cabinets  equilibrated 
with  the  air  temperature  at  night.  The  SLC  cabinet 
was  heated  by  solar  heating  from  the  outside  and 
electronic  heating  from  the  internal  circuit  packs. 
Because  the  cross-connect  cabinet  and  the  SLC 
cabinet  at  site  #5  had  the  same  dimensions  and 
shared  the  same  local  climate,  the  solar  contribution 
(Aso|ar)  should  be  the  same  for  both  cabinets.  Since 
the  heat  generated  by  the  3LC  electronics  (Ajnterna|) 
should  be  nearly  constant  with  time,  the  temperature 
difference  between  the  air  and  the  wireworks  at 
6:00am  should  arise  from  the  internal  contribution 
only.  Hence,  the  maximum  temperature  increase  from 
solar  heating  of  pedestals,  cross-connect  cabinets  and 
SLC  cabinets  was  20±5°F,  independent  of  geographic 
location  and  closure  type.  An  additional  temperature 
increase  of  up  to  20°C  was  caused  by  the  heat 
generated  by  the  internal  electronics  inside  the  SLC 
cabinet. 

The  temperature  was  remarkably  uniform  across 
the  SLC  cabinet  despite  the  high  density  of  equipment 
and  other  restrictions  to  the  air  flow.  The  same 
temperature  was  found  at  the  top  of  the  cabinet, 
inside  the  SLC  electronics  in  areas  of  both  high  and 
low  air  flows,  at  the  modular  splice  in  the  cable  entry 
port  and  inside  the  fiber  splice  box.  The  only 
exception  to  this  uniform  temperature  was  the  one 
inch  air  gap  at  the  bottom  of  the  cabinet  which  was  a 
consistent  5°F  cooler  than  the  rest  of  the  cabinet. 

These  results  are  consistent  with  predictions  made 
by  McKay^’®  who  used  test  cabinets  with  resistors  to 
simulate  the  heating  load  of  the  electronics.  The 
temperatures  measured  for  the  SLC  cabinet  at  site  #5 
matched  his  predictions  for  a  SLC  cabinet  operating  at 
moderate  power  (e.g.,  500-700  watts)  with  ~5-6  fans 
operating  continuously.  If  the  fans  failed  in  the  SLC 
cabinet  at  site  #5,  cabinet  temperatures  are  predicted 
to  reach  200°F  at  the  top  of  the  cabinet  and 
temperature  gradients  of  >60-70°F  would  develop 
between  the  top  and  bottom  of  the  cabinet.  Future 
cabinet  configurations  may  well  include  even  higher 
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Fig.  6  Time-temperature  profiles  for  site  #6 
SLC  cabinet 

densities  of  electronics  and  less  air  space  inside  the 
cabinets  which  will  require  efficient  heat  insulation 
and/or  dissipation  for  such  SLC  cabinets. 

The  second  SLC  cabinet  examined  (site  #6)  was  a 
modified  type-40  cabinet  with  two  fans  arranged  to 
draw  outside  air  into  the  cabinet.  Temperatures  as 
high  as  150-160°F  were  measured  and  gradients  as 
much  as  30°F  were  found  across  the  cabinet.  These 
temperatures  and  aradients  are  consistent  with 
McKay’s  predictions”’”  for  a  cabinet  with  only  two 
fans. 

Reel  Yard 

The  final  location  was  a  typical  cable  reel  yard 
where  reels  are  stored  in  an  open  asphalt  parking 
area.  The  temperatures  of  optical  fiber,  paper  pulp 
and  copper  cables  were  measured,  with  and  without 
thermal  wraps,  and  at  several  places  within  the  reels. 
The  results  are  summarized  in  Table  4.  The  black 
cable  sheath  efficiently  absorbed  sunlight  and  reached 
50-70°F  above  the  ambient  air  temperature.  The 
measured  sheath  temperature  was  sensitive  to  many 
factors  including  sun  exposure,  ambient  air 
temperature,  cable  design,  air  currents  and  the 
presence  of  thermal  wrap. 

The  maximum  sheath  temperature  recorded  was 
175°F  on  a  optical  fiber  cable  of  all  dielectric  design 
(i.e.,  no  metal  in  cable).  The  sheath  temperature  of  a 
copper  cable  of  equivalent  size  and  diameter  was 
150-155°F.  The  presence  of  the  stainless  steel  and 
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Table  4.  CABLE  TEMPERATURES  IN  REEL  YARD 


SAMPLE 

TEMPERATURES  (°F)  AT 

CABLE 

SURFACE  LAYER 

1  LAYER 

2  LAYERS 

3-4  LAYERS 

UNDER 

(a) 

IN 

DEEP 

DEEP 

DEEP 

THERMAL 

SUN 

SHADE 

WRAP 

AIR 

98-102 

98-102 

~ 

- 

- 

-- 

OPTICAL  CABLES 

1 

174-176 

105-110 

150 

mm 

122 

_ 

II 

175 

— 

144 

kjI 

- 

115-119 

III 

170 

-- 

141 

130 

- 

108-110 

COPPER  CABLES 
PICb 

IV 

159-160 

108 

143 

126 

- 

110 

V  . 

150 

114 

135-140 

- 

— 

110 

PULP0 

VI 

150 

- 

- 

118 

- 

-- 

INNER  DUCT 

VII  (yellow) 

140-143 

- 

-- 

- 

- 

- 

(a)  All  cables  were  sheathed  with  black  polyethylene  and  of  approximately  equal  diameter  (~  1/2 
inch).  The  optical  fiber  cables  were  all  dielectric  with  no  metallic  sheaths.  The  copper  cables 
contained  stainless  steel  and  aluminum  sheaths  as  well  as  the  copper  conductors  at  their  core. 

(b)  PIC  =  Cables  containing  Polyolefin  Insulated  Conductor 
PULP  =  Cables  containing  Paper  Pulp  Insulated  Conductors 


aluminum  sheaths  in  contact  with  the  black 
polyethylene  sheath  was  assumed  to  conduct  heat 
away  from  the  outer  sheath  and  redistribute  the  heat 
throughout  the  copper  cable.  All  dielectric  fiber  cables 
contain  no  metallic  materials  to  conduct  the  heat  away 
from  the  surface  and  therefore  their  cable  sheaths 
were  20°F  warmer  than  the  copper  cables.  Further 
evidence  for  this  mechanism  of  heat  dissipation 
through  the  metallic  components  of  a  cable  was  found 
from  measurements  on  a  self-supporting  cable  where 
the  cable  sheath  adjacent  to  the  metal  support  strand 
was  5-8°F  cooler  than  the  sheath  of  the  cable. 

Shade  is  the  most  effective  means  to  reduce  the 
sheath  temperature  as  evidenced  by: 

•  Cable  sheaths  in  the  shade  measured  104-106°F 
&  air  temperature. 

•  Under  thermal  wrap,  the  temperature  of  the 
above  optical  fiber  cable  sheath  decreased  from 
175°F  to  110-120°F. 

•  The  sheath  temperature  decreased  as  one 
moved  deeper  into  the  reel;  e.g.,  temperatures  of 
the  fiber  optic  cable  sheath  decreased  from 
175°F  at  the  outer  strands  to  122°F  for  strands  in 
the  fourth  layer,  see  sample  I  in  Table  4. 


Thermal  wrap  reduced  the  temperature  by  not  only 
shading  the  cable,  but  also  reflecting  the  solar 
radiation.  Since  the  black  cable  sheath  absorbed  the 
sunlight  efficiently,  a  reflective  cable  sheath  would  be 
expected  to  reduce  the  sheath  temperature 
significantly.  This  was  confirmed  by  a  surface 
temperature  of  140-143°F  found  for  a  reel  of  inner  duct 
(a  yellow  plastic  tube)  which  compared  favorably  with 
the  170-175°F  for  the  fiber  cable  and  the  155°F  for 
copper  cable. 

Since  thermal  wraps  and  reflective  colors  were  so 
effective  in  reducing  temperatures,  then  use  of 
reflective  coatings  or  closures  in  the  outside  plant 
should  reduce  thermal  degradation  of  materials  and 
equipment.  Experiments  with  white  reflective 
coatings7  and  poly(vinyl  chloride)  covers0  have 
reduced  peak  temperatures  inside  some  closures  by 
up  to  10°C  which  should  result  in  a  doubling  of 
insulation  life9. 

SUMMARY 

Typical  temperatures  found  in  outside  plant 
closures  and  reel  yards  have  been  measured  as  a 
function  of  time-of-day,  plant  design  and  local  climate. 
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The  time-temperature  profiles  were  explained  by 
combining  local  climate  and  ground  conditions  with 
heat  flow  characteristics  of  the  various  closure 
designs.  Temperature  profiles  for  both  pedestals  and 
cross-connect  boxes  could  be  understood  as  a 
competition  between  solar  heating  and  heat 
dissipation  to  the  ground  and  air.  internal  electronic 
heating  supplemented  the  external  solar  heating  effect 
and  produced  140 +  °F  temperatures  inside  SLC 
cabinets. 

The  high  temperatures  found  inside  aboveground 
closures  (140-150 +  °F)  and  in  the  reel  storage  yard 
(175°F)  are  particularly  alarming  since  future  networks 
will  include  widespread  installation  of  remote  switch 
electronics  and  optical  fibers  in  these  outside 
environments.  Outside  plant  closures  as  well  as  the 
electronics,  batteries,  optical  fiber  cables  and  fiber 
coatings  will  all  need  to  meet  stringent  performance 
tests  to  ensure  efficient  heat  dissipation  and  long  term 
thermal  stability. 
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A  NFU  APPROACH  TO  TOTAL  QUALITY  ASSURANCE 
IN  TELEPHONE  CABLE  PLANTS 
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ABSTRACT 

This  paper  describes  the  approach  of  a 
telecommunication  copper  cable  manufacturer  to  a 
Quality  Assurance  policy  in  order  to  satisfy  the 
request  of  high  quality  products. 

The  standards,  the  quality  control,  the 
control  procedures  as  well  as  the  automatic  test 
equipments  are  described. 

The  economic  factors  are  also  taken  into 
account  bearing  in  mind  that  every  effort  is 
directed  to  the  aim  of  the  optimization  of  every 
stage  of  production  to  guarantee  the  quality  of 
the  finished  product. 


1  INTRODUCTION 

1.1  Quality  Assurance  Policy 

In  order  to  satisfy  the  request  of  high 
quality  products,  the  manufacturer  of  telephone 
cables  have  put  every  effort  to  obtain  the  highest 
confidence  on  the  characteristics  of  the  finished 
product. 

The  necessity  of  controlling  in  a  systematic 
and  planned  way  the  most  significant  industrial 
activities  with  the  scope  of  meeting  the  product 
specification  lead  to  the  concept  of  "Quality 
Assurance". 

It  is  now  no  more  sufficient  that  the  product 
pass  the  final  acceptance  test,  but  the 
organization  of  the  production,  in  the  whole,  roust 
assure  that  every  step  of  the  manufacture  process 
is  under  strict  control. 

In  a  telephone  cables  manufacturing  plant  the 
items  that  need  to  be  controlled  in  a  definite  and 
systematic  way  are:  raw  materials,  manufacturing 
process,  manufacturing  equipments,  measurement 
instruments. 

1 . 2  Standards 

The  reference  standards  for  Quality  Assurance 
in  Italy  are  the  following: 

UNI  EN  29000 

rules  concerning  the  factory  management  with 
respect  to  Quality  and  Quality  Assurance; 


UNI  EN  29001 

critera  for  Quality  Assurance  in  design, 
development,  manufacturing,  installation  and 
service; 

UNI  EN  29002 

criteria  for  Quality  Assurance  m  manufacturing 
and  installation; 

UNI  EN  29003 

criteria  for  Quality  Assurance  in  final  tests  and 
controls; 

UNI  EN  29004 

criteria  regarding  the  factory  management  with 
respect  to  Quality  and  factory  Quality  Systems. 

Each  manufacturer  can  apply  all  or  part  of  the 
above  standards  depending  on  the  choice  of  the 
relevant  Quality  System. 

1 .3  The  Quality  Handbook 

The  relationship  between  the  different 
activities  that  affect  the  product  quality  are 
synthetically  sketched  in  the  "Quality  Circle" 

'UNI  EN  290041  in  fig  1. 

The  idea  shown  by  that  representation  is  that 
a  continuous  line  exists  between  manufacturer  and 
customer  aimed  to  the  optimisation  of  the  product 
from  both  technical  and  economic  point  of  view. 

The  manufacturer  delineates  the  different 
operative  stages, together  with  the  manufacturing, 
control  and  testing  procedures  in  a  document 
called  "Quality  Handbook",  consisting  of  several 
items,  of  which  some  are  outlined: 

-Organization  chart  of  the  firm  and  the  Quality 
Management,  stating  the  exact  responsibilities; 
-Managing  and  technical  procedures; 

-Control  of  purchased  materials; 

-Operative  procedures; 

-In-process  inspection  and  testing; 

-Finished  product  testing; 

-Measurement  instruments  calibration; 

-Control  of  non  conforming  products; 

-Correcting  actions  and  checks. 

The  "Quality  Handbook"  is  a  private  document 
of  the  Firm  and  undergoes  periodical  revisions 
and  updatings  m  order  to  represent  always  the 
state  of  the  art  of  the  manufacturing  process. 

All  the  revisions  and  updatings  are  jotted 
down  together  whith  the  names  of  the  individuals 
who  are  in  charge  of  keeping  the  Handbook. 
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FIG.  1  Quality  Circle 


2  QUALITY  CONTROL  IN  THE  FACTORY 

Like  all  the  'ther  products  of  the  industrial 
engineering,  the  cables  for  telecommunications 
undergo  a  severe  quality  control. 

This  control  starts  as  the  raw  materials 
enter  the  factory,  continues  through  the  different 
stages  of  manufacture  and  ends  with  the  final 
acceptance  test. 

In  table  i  a  flow  chart  of  the  production 
cycle  for  telephone  multipair  copper  cable  meeting 
the  SIP  (*)  spec.  1240  is  sketched. 

From  this  flow  chart  are  evident  the  points 
where  the  Quality  Assurance  System  are  applied: 
-Control  on  purchased  materials; 

-Control  during  the  production; 

-Control  on  finished  products. 


3  CONTROL  ON  PURCHASED  MATERIALS 

3.1  Definition  of  raw  materials 

The  raw  materials  used  for  the  manufacture  of 
multipair  telephone  cables  meeting  SIP  1240 
specifications  have  been  defined  together  with 
their  characteristics  and  acceptance  limits  during 
the  design  stage. 

The  definition  of  the  material  chemical  and 
physical  characteristics  are  of  the  outmost 
importance  in  order  to; 

-Define  the  specification  of  the  material 

supplied; 

-Plan  the  controls  on  the  incoming  material; 
-Define  the  acceptance  criteria. 


of  the  importance  of  the  defects  that  could  impair 
the  performances  of  the  finished  cable  as  a 
consequense  of  the  use  of  a  material  with 
characteristics  outside  the  limits  specified: 
-Critical  defects  (C); 

-Important  defects  (I); 

-Secondary  defects  (S). 

3.4  Sampling  plan 

The  sampling  plan  is  defined  with  reference 
to  the  kind  of  test  and  the  criticity  of  the 
characteristic. 

The  basic  element  for  the  definition  of  a 
sampling  plan  is  the  choice  of  the  Acceptable 
Quality  Level  (AQL). 

The  values  of  AQL  can  be  taken  from 
historical  data, otherwise  is  a  good  rule  to  choose 
AQL  =  U  . 

The  plan  can  be  simple,  double  or  multiple, 
while  the  severity  degree  can  be  reduced,  normal 
or  enhanced. 

The  control  of  a  characteristic  starts  always 
with  a  normal  severity  degree, to  pass  to  the 
reduced  or  enhanced  control  if  particular 

conditions  are  to  be  verified  (MIL  STD  105/414). 
The  rules  to  pass  from  a  severity  degree  to 
another  are  shown  in  fig.  2. 

Such  plans  are  used  to  examine  the 

characteristics  subjected  to  Acceptance  tests. 

For  the  characteristics  subjected  to  Type  tests 
suitable  samplings  can  be  made  periodically  during 
a  three  or  six  month  period. 
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3.2  Classification  of  the  characterisics 

Three  different  kind  of  tests  are  used  for 
the  classification  of  the  characteristics  of  the 
materials,  depending  on  their  importance  for  the 
final  product: 

-  a  cc  notaries  tssts  (A)  s 
-Type  tests  (T>; 

-Extraordinary  tests  'E'. 

3.3  Characteristics  criticity 

The  characteristics  of  the  materials  which 
undergo  A  and  T  tests  are  classified  as  function 


3.5  Criteria  for  raw  material  acceptance 
The  acceptance  of  raw  materials  whose 

characteristics  ara  subjected  to  either  Acceptance 
or  Type  tests  depends  on  the  sampling  plans  used 
(Appendix  A)  or  on  the  limits  in  the  control  chart 
for  single  values. 

3.6  Qualitative  information  on  the  material 
All  the  test  results  are  processed  ar.d  an 

analysis  is  made  in  order  to  judge  the  quality  of 
the  material. 
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The  criterion  used  to  evaluate  the  quality  of 
a  measured  characteristic  is  described. 

The  first  indicator  of  the  compatibility  between 
the  values  of  the  examined  characteristic  and  the 
limits  of  the  specification  is  Cp  =  Ts  /  Tn  used 
to  compare  the  specification  allowance 
Ts  =  L88  -  LSI  with  Tn  =  6  •  S  (where  S  is  the 
standard  deviation).  A  characteristic  meets  the 
specification  if  Cp  is  equal  or  greater  than  1.33. 

The  Cp  value  is  not  enough  to  define  the 
agreement  between  material  and  specification  and 
so  another  indicator  is  needed  Cpk  =  Cp  *  (1  -  K  ) 
whih  K  a  (  Xm  -  Ms  )  /  (  Ts  /  2  )  where  Xm  and  Ms 
are  respectively  the  actual  and  the  expected 
average  values. Note  that  Cp  is  always  equal  or 
greater  than  Cpk. 

A  characteristic  meets  the  specifications  if 
both  Cp  and  Cpk  are  equal  or  greater  than  1.33. 

A  qualitative  judgment  on  the  material 
characteristic  is  summarised  in  fig.  3. 
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4  IN  LINE  CONTROLS 

4.1  Manufacturing  process 

The  in  line  controls  guarantee  the  quality  of 
the  production,  checking  in  the  different  stages 
of  manufacture  the  parameters  outlined  in  Tab.  2  . 
Tab.  2  shows  the  correlation  between  the  variables 
in  the  process  and  the  geometric,  mechanical  and 
electrical  effects  as  well  as  the  defects  that  can 
occour  during  the  different  stages  of  production. 

For  instance  the  check  of  the  capacitance  of 
an  insulated  conductor  against  an  electrode 
immersed  in  water  allows  a  monitoring  of  the 
material  flux  and  the  temoerature  of  the  extrusion 
line. 

Supposing  that  the  insulated  conductor  is 
free  of  defects,  the  quality  control  measurements 
start  with  the  first  stage  of  stranding,  i.e.  the 
pair  or  the  sub-unit  (10  pairs)  twisting. 

If  the  pulling  force  during  this  stage  is  not 
properly  adjusted,  a  pair  asymmetry  will  result. 
This  kind  of  defect  is  detected  by  a  measurement 
of  the  resistance  unbalance  between  the  two  wires. 

In  the  subsequent  stage  the  pairs  with 
different  twisting  pitches  are  combined  together 
to  form  the  10  pairs  sub-units  and  simultaneously 
the  100  pairs  unit. 

The  ratios  of  the  pair  pitches  within  the  sub-unit 
must  be  such  that  the  capacitance  unbalance  Ki 
between  adjacent  pairs  remain  within  acceptable 
limits. As  a  consequence  the  stranding  process  is 
checked  by  measuring  Ki .  When  the  value  of  Ki  is 


large,  two  possible  errors  have  occurred: 

-two  pairs  with  the  same  pitch  have  been  stranded 
in  adjacent  position  as  a  result  of  the  stranding 
machine  loading  error: 

-a  substantial  difference  between  the  pitches  of 
all  the  pairs  exists  as  a  defect  in  the  sub-unit 
construction. 

The  capacitance  unbalance  to  ground  (  E1,E2  ) 
and  to  the  sheath  (  E1a,E2a  )  can  be  large  when 
the  pulling  force  applied  during  the  pair  twisting 
is  not  regular  or  the  insulated  wires  have  a 
substantial  diameter  difference. 

4.2  Controls  on  production  lines 
The  lines  for  the  production  of  multipair 
copper  cables  must  be  equipped  with  suitable 
instrumentation  for  the  control  of  the  process 
variables  as  well  as  the  product  characteristics. 
The  following  list  oulines  the  instruments  used  in 
the  different  stages  of  manufacture. 

-Insulation  extrusion: 

diameter,  ovality,  pulling  force  meters  on  copper 
wire; 

diameter,  eccentricity,  capacitance  meters  and 
spark  tester  on  the  insulated  wire. 

-Pair  twisting: 


pitch  control, 
tester. 

wire 

pulling  force 

meter, 

spark 

-Stranding:- 
pitch  control, 
tester. 

pair 

pulling  force 

meter, 

spark 

-Sheath  extrusion: 

defect  monitoring  equipment,  thickness  and 

outer 

diameter  meter,  spark  tester. 

4.3  Line  operator  control 

The  operators  on  the  different  production 
lines  have  in  charge  suitable  equipments  to 
monitor  the  good  operation  of  the  lines  and  the 
conformity  of  the  main  product  characteristics. 

All  the  operators  are  trained  on  the  instuments 
and  on  the  specification  limits  of  the 
characteristics  under  control. 

All  the  measurement  values  are  stored. 

4.4  Quality  control  group  operation 

Between  subseqent  stages  of  manufacture,  the 
semimanufactured  products  are  checked  following  a 
preestablished  scheme. 

These  tests  guarantee  the  quality  of  the 
production  and  at  the  same  time  give  informations 
on  the  trend  of  the  characteristics,  thus 
minimising  the  line  stops. 

Another  step  toward  quality  and  productivity 
improvement  is  the  storage  and  the  statistical 
processing  of  all  the  data  resulting  from  the 
in-line  tests. 

The  example  in  fig  4  shows  the  statistical 
distributions  of  the  values  of  the  conductor 
diameter  measured  on  two  different  production  lots 
resulting  each  by  a  different  extrusion  lines:  TR1 
and  TR2 . 

All  the  values  are  within  the  specifid  range  with 
two  different  average  values  and  little  standard 
deviations.  Thus  every  lot  shows  a  good  quality, 
but,  if  these  two  lots  were  used  to  manufacture 
the  pairs  of  a  sub-unit,  the  resulting 
distribution  would  have  a  different  average  value 
and  a  larger  standard  deviation  (dotted  line). 
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That  decrease  of  the  quality  can  be  easily  avoided 
by  a  proper  use  of  the  stored  data. 


FIC.  4  Distribution  of  wire  diameter  for 
two  different  extrusion  lines 


5  FINAL  ACCEPTANCE  TEST 

Another  important  aspect  of  quality  control 
is  the  final  acceptance  test.  At  this  stage  the 
report  of  the  tests  made  on  the  finished  products 
demonstrates  to  the  customer  that  the  cables  meet 
the  expected  quality. 

A  very  important  goal  is  to  use  time  saving 
maesurement  methodologies. 

The  final  tests  can  be  drastically  reduced  when 
the  same  typology  of  cable  is  manufactured  in 
large  lots  for  long  periods  of  time.  In  this  case 
statistical  methods  of  maesurement  can  be  applied. 
By  means  of  suitable  acceptance  criteria  and  test 
procedure  the  confidense  level  of  statistical 
investigation  is  about  the  same  of  total 
inspection. 

The  acceptance  criteria  can  be  expressed  in  terms 
of  "factory  quality  factors"  defined  as  follows: 

Os  =  (  LS8  -  Xm  )  /  3 

Qi  =  (  Xm  -  LSI  )  /  S 

where  LSS  and  LSI  are  respectively  the  superior 
and  inferior  limits  of  the  specified  range,  and 
Xm  and  S  are  respectively  the  average  value  and 
the  standard  deviation  of  the  calculated 
distribution  for  every  measured  parameter. 

In  order  to  accept  the  production  lot,  the 
values  of  Os  and  Oi  must  be  greater  than  the  value 
of  the  acceptance  constant  Ka, 

The  value  of  Ka  is  calculated  from  the  tables 
as  function  of  the  LOA  X,  the  type  of  the  sampling 
plan  (simple,  double  or  multiple),  the  degree  of 
severity  of  the  plan  (normal,  reduced  or  enhanced) 
and  the  quantity  of  the  lot. 

The  number  of  measurements  to  perform  on  the 
finished  cable  depends  on  the  Qs  and  Oi  values. 
For  example,  if  the  value  of  0  is  greater  than  Ka, 
the  measurements  are  performed  on  only  "n" 
elements  out  of  "m"  cables. 

On  the  other  hand,  if  Q  is  smaller  than  Ka 
but  still  qreater  than  the  tolerance  constant  Kt, 
the  measurements  are  performed  on  "nl"  elements 
out  of  "ml"  cables  with  "nl"  and  "ml"  respectively 
greater  than  "n"  and  "ra". 

A  value  of  Q  smaller  tha  Kt  means  that  the 
production  lacks  of  uniformity  and  a  statistical 
quality  control  becomes  impossible.  In  this  case 


the  acceptance  test  follows  the  traditional 
routine. 

During  the  final  tests  the  quality  control 
should  attain  0  values  greater  than  Ka  in  order  to 
reduce  the  number  of  measurements. 

On  the  other  hand  too  large  Q  values  mean 
some  drawbacks  because  of  the  increase  of  work 
load  and  rejected  share  at  the  intermediate  stages 
of  production.  This  is  explained  in  fig.  5,  where 
the  Q  values  of  a  specific  cable  are  shown  as 
function  of  time. 

In  the  beginning  the  values  of  Q  were 
significantly  greater  than  Ka.  Following  an 
attempt  to  widen  the  tolerance  in  the  intermediate 
tests  in  order  to  reduce  the  percentage  of 
rejection,  the  0  value  dropped  below  Ka,  thus 
increasing  the  work  in  the  final  tests. 

Strict  tolerances  were  reintroduced  and  the  Q 
value  raised  above  Ka  as  expected.  A  further 
attempt  to  widen  the  tolerance  led  to  a  drop  of  0 
below  Kt,  so  the  «.'nventional  final  acceptance 
tests  had  to  be  reintroduced. 

This  is  is  a  good  example  on  the  feasibility 
of  a  trade  off  between  tolerances  and  rejected 
products  during  the  manufacture  and  the  work  load 
during  the  finished  cable  acceptance  stage. 


FIC.  5  Behaviour  of  Quality  Factor  va.  tine 


6  AUTOMATIC  MEASUREMENT  SYSTEMS 

The  capabilities  of  a  measuring  systems  for 
cable  characterization  are  briefly  outlined. 

-  Computerized  measurements:  a  comlete  set  of 
tests  can  be  performed  on  the  cable  in  automatic 
way.  The  resulting  values  must  be  processed  with 
reference  to  the  specifications,  stored  and 
tranferred  to  a  central  computer.  It  must  be 
porrible  to  retrieve  the  data  and  to  evaluate  in 
detail  all  the  tolerances  and  the  statistics  of 
the  production. 

-  Ease  of  operation:  the  equipment  should  be  as 
far  as  possible  easy  to  operate  and  user  friendly. 
The  input  of  data  should  be  minimized  using  code 
numbers  that  define  all  the  sequences  of 
measurement  and  evaluations. 

-  Reliability:  the  equipment  needs  to  be  moved 
inside  the  factory, so  it  must  be  transportable, 
rugged  and  all  the  circuitry  and  components  must 
operate  with  a  high  degree  of  reliability  under 
variable  humidity  and  temperature  conditions,  with 
no  need  of  a  conditioned  air  environment. 
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-  Flexibility:  the  equipment  must  be  flexible  both 
in  hardware  and  in  software  so  that  the 
configuration  can  be  changed  at  low  cost  in  order 
to  meet  the  customer  requirements  and  be  adaptable 
to  a  change  of  demand. 

Examples  of  automatic  measuring  systems  are 
shown  in  fig.  6  and  7. 

The  system  in  fig.  6  can  be  used  for  both 
high  and  low  frequency  measurements. 

The  system  in  fig.  7  performs  the  following 
measurements  on  a  cable  up  to  200  pairs  in  a 
combined  way:  high  voltage,  insulation  resistance, 
contact  and  continuity. 

This  latter  system  is  of  great  importance  for 
factory  tests  because,  besides  better  reliability 
and  time  saving,  improves  the  safety  conditions  of 
the  operator  and  guarantees  a  total  quality  in  the 
manufacture  intermediate  stages  as  well  as  in  the 
final  acceptance  tests. 

7  ECONOMIC  FACTORS 

The  cost  of  quality  control  is  strongly 

affected  by  the  expenses  for  the  number  of  proper 
qualified  people  taken  on  for  testing. 

Costs  can  be  reduced  not  only  reducing  the  number 
of  operators,  but  also  replacing  high  qualified 
operators  with  less  skilled  ones  in  the  testing 
department. 

The  automation  of  test  equipments  helps  in 
reducing  the  costs. 

In  fact  every  hand  made  measurement  usually 

requires  four  operators:  two  people  for  connecting 
the  cable  to  the  test  equipment,  one  to  operate 
the  system  and  one  to  record  the  measured  values. 
On  the  other  hand  only  one  people  is  needed  to 
connect  the  cable  and  to  operate  an  automatic 
system;  furthermore  this  operator  do  not  need  a 
detailed  knowledge  of  the  cable  measuring 
techniques. 

Anyway  the  optimization  of  each  production 
stage  is  the  only  way  to  improve  the  process 

efficiency  and  to  reach  the  goal  of  an  economic 

production. 

8  CONCLUSIONS 

In  order  to  meet  the  severe  requirement 
imposed  by  the  Administrations  on  copper  cables 
for  telecommunications,  as  well  as  to  guarantee 
high  quality  products  at  reasonable  costs  it  is 
necessary  to  introduce  in  the  factory  the  concept 
of  "Quality  Assurance". 

The  availability  of  automatic  measuring 
systems  to  control  the  outcome  of  the  production 
in  the  different  stage  of  manufacture  is  a 
fundamental  tool  to  obtain  a  total  quality  and,  at 
the  same  time,  to  reach  the  goal  of  cost  saving. 


FIG.  6  :  Computerized  Automatic  Cable 
Measuring  System 


FIG.  7  :  High  Voltage  and  Insulation 
Resistance  Measuring  System 
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PROCESS  VARIABLES 


conductor  : 

Impurities,  circularity, 
irregularity,  diameter. 
INSULATION  : 

Temperture,  diameter, 
eccentricity,  colour, 
impurities,  material, 
speed,  cooling,  defects, 
bubbles,  dispersion, 
expansion. 


I'M*  Tension,  torsion,  pitch, 

TWISTING  pitch  symmetry,  defects 

of  insulation. 


PAIN  Pitch  suing,  stability  of 

BTIANDING  unit/sub-unit,  tension  on 

(sub-unit/  pairs,  material  of  binding 

unit)  uire,  defecs  of  insulation. 


GROUP  Stability  of  stranding  pitch, 

8TRANDING  materials  of  identification 

wire,  wrapping  and  binding 
yarns,  suing  on  group  pairs. 


INNER  Material,  temperature,  defects 

SHEATH  conducibility,  carbon  black, 

EXTRUSION  dimensions,  A1  screen,  filler, 

overlapping  adhesion,  PE/H5 
adhesion,  overlapping  width. 


ARMOURING  Steel  tape  and  paper  tape  |  Qc 
materials,  bitumen,  tapes  i  L 

overlapping,  defects.  I  S;, 


OUTER  Material,  temperature,  defects 

SHEATH  conducibility,  carbon  black, 

EXTRUSION  dimensions. 


ELECTSICALiKECHANICAL,  DETECTIVE 
EFFECT  EFFECT  CABLE 


ameter  Ac 
di  =  Insulation  diameter  A1 
si  s  Insulation  thickness  Ag 
s  =  Sheath  thickness  Am 
s  =  Overlapping  width  KRc 
1  =  Conductor  distance  KPi 

P  =  Pitch  KRg 

L  :  Tapes  width  KRm 

Sn  3  Tapes  thickness  Sf 
Dc  :  Actual  diameter  on  Rt 
sheath  F 


Conductor  elongation  Ap 
Insulation  elongation  Apg 
Sheath  elongation  Ri 
Tape  elongation  J1 

Conductor  break,  load  £ 
Insulation  break,  load  Ra.Rb 
Sheath  break,  load  Ap 
Tape  break,  load  Cl 

Slippage  XI 

Shrinkage  El ,E2 

Cable  flexibility  Ela.b 


»  Polylaro  adhesion  r  =  Electrical  resistance 

=  Polylam/PE  adhesion  l  =  Inductance 
=  Insulation  resistence  g  3  Conductance 
=  Conductor  resistivity  c  s  Capacitance 
>  Dielectric  constant 
3  Conductor  resistences 
3  Resistence  unbalance 
3  Mutual  capacitance 
3  Capacitance  unbalance 
=  Pair  to  ground  unbalances 
3  pair  to  pair  unbalances 
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APPENDIX  A 


Example  1 

Acceptance  control  by  variables  (unilateral) 
Material:  Polyethilene  for  sheaths 
Characteristics:  Density  (critical) 

Superior  limit  of  spec  range:  LSS  =  0.940  gr/cm3 
Sampling  plan:  simple,  normal  severity 
Varieble:  unknown 

Acceptable  duality  Level:  AOL  =  1% 

Number  of  controls:  4 

Measured  values:  0.936  0.935  0.933  0.938 

Average  value:  Xm  =  0.9355 

Standard  deviation:  S  =  0.0021 

Quality  factor:  Qs  =  (  LSS  -  Xm  )  /  8  s  2.143 

Acceptance  constant:  K  =  1.45 

Control:  Os  >  K  2.143  >  1.45  conform. 


Example  2 

Acceptance  control  by  variables  (bilateral) 

Material:  Steel  tape 

Characteristics:  Breaking  load 

Limits  of  spec,  range:  LSS=460  MPa  LSI=320  MPa 

Sampling  plan:  simple,  normal  severity 

Variable:  unknown 

Quality  acceptance  level:  QAL  =  1.5% 

Number  of  controls:  4 
Measured  values:  364  425  435  400 
Average  value:  Xm  =  406 
Standard  deviation:  S  =  39.17 
Quality  factor:  Qs  =  (  LSS  -  Xm  )  /  S  =  1.378 

Qi  =  (  Xm  -  LSI  )  /  S  =  2.195 

Acceptance  constant:  K  =  1.34 
Constant  for  maximum  standard  deviation  F=0.353 
Maximum  standard  deviation. 

MSD  =  (  LSS  -  LSI  )  *  F  =  49.42 
Controls:. 

Qs  >  K  1.378  >  1.34  conform 

Qi  >  K  2.195  >  1.34  conform 

S  <  MSD  39.17  <  49.42  conform 

(The  three  conditions  must  apply  at  the  same  time) 
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"IMPLEMENTATION  OF  A  HIGH  PRODUCTIVITY  PLANT,  FOR  PLASTIC  INSULATED  TELEPHONE  CABLES" 


A.  MARSILIA  ,  G.  PATERNOSTRO 


MANULI  CAVI 


ABSTRACT 

This  paper  deals  with  a  new  plant  able 
to  produce  more  than  2  million  km  of 
pair  per  year,  that  was  installed  in 
the  same  place  of  an  existing 
manufacturing  facility,  without 
stopping  the  production  and  using  part 
of  the  older  machinery  step  by  step  a3 
far  as  the  new  ones  were  installed  and 
the  market  grew. 

After  briefly  discussing  cable  design 
and  results  of  prototypes,  the 
machinery  layout  is  described. 

The  key  feature  is  the  stranding 
facility,  able  to  strand  in  one 
operation  a  group  of  100  pairs , ( 
divided  in  10  subunits)  starting  from 
200  single  wires. 

The  testing  facility  and  results  are 
then  outlined,  and  finally  the  future 
developments  are  discussed. 


FOREWORD 

Telephone  cable  with  plastic  insulated 
unit  twins  for  underground  distribution 
were  _ introduced  in  the  network  of  SIP 
(Italian  telephone  operating  company)  in 
the  year  1988  and  gradually  replaced 
paper  insulated,  quad  type  lead  sheathed 
cables  that  were  used  since  many  years . 

By  year  1990  all  copper  cables  ordered  by 
SIP  for  this  network  are  the  new  one3. 
Because  of  the  change  of  insulation  and 
from  quads  to  twins  new  machines  were 
needed  and,  in  order  to  improve 
productivity  all  manufacturing  activity, 
formerly  in  three  different  plants,  was 
concentrated  in  one. 

A  new  layout  was  designed  and 
implemented,  without  stopping  the 
production  and  using  part  of  the  older 
machinery. 


FULG0RCAVI 


SABLE  DESIGN 

Main  cable  design  is  with  10  pairs 
sub-units  and  100  pair  units  (in  one 
make-up  and  lower  count  design  50  pair 
units  are  U3ed ) . 

Even- count  color  code  (up  to  10)  is  used 
in  each  sub-unit. 

Conventional  stranding  was  with  single 
twisters  in  separate  operation,  and  100 
pair  unit  stranding  with  drum- twisting 
cabling  machine. 

The  basic  idea  was  then  to  gang- connect 
twinning  and  stranding  in  one  operation. 
The  cable  has  very  good  high  frequency 
performance,  especially  the  cross-talk 
characteristics  at  80  KHz  and  1  MHz  are 
suitable  for  supporting  data 

transmission,  narrow  band  ISDN  and  some  2 
Mbit/s  flows. 

Of  course,  these  characteristics  were 
required  also  in  one  operation 
manufacturing . 

No  S-Z  twinning  or  stranding  was  allowed 
by  SIP  (TELCO)  specification,  because  of 
early  attempts  that  showed  poor 
high-frequercy  characteristics  and  bad 
cable  shape. 

In  order  to  achieve  100  pairs 
simultaneous  twinning  in  10  sub-unit3,  10 
twisters  grouped  in  10  machines  were 
needed.  A  simple  and  classical  vertical 
design  was  choosed  for  the  twister,  with 
supply  reels  on  the  same  axis  inside  the 
flier,  rather  than  vertical  stacked 
reels . 

This  provides  equal  paths  for  the  wires 
of  the  pairs  and  simple  and  effective 
tension  system. 

Since  10  different  twist- lengths  were 
used  in  separate  twinning,  (in  order  to 
achieve  good  cross-talk  characteristics ) , 
similar  and  suitable  twist  lengths  that 
could  be  obtained  with  one  single  motor 
and  gears  were  choosed,  and  tested  on  a 
prototype  twister-  This  twister  has 
continuonsly  variable  twist  length  by 
electronic  drive. 
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UNIT  STRANDING  AND  TWINNING 


The  trial  cable  results  were 
satisfactory,  therefore  the  construction 
of  the  group  twisters  was  approved. 

Whilst  waiting  for  the  complete  machine 
the  first  group  twisters  were  delivered 
and  a  method  of  take-up  was  devised,  by 
adopting  the  capstan  and  take-up  of 
spiral  wrapping  machines,  formerly  used 
for  paper  insulation. 

The  operation  of  the  machines  at  maximum 
rated  speed  ( 2000  twist  per  minute )  has 
allowed  considerable  debugging. 

The  critical  parts  were  the  ball  bearing 
and  clutch  (this  part  was  then  changed 
in  other  machines);  some  resonance  effect 
was  detected  and  removed. 

The  quality  of  the  pairs  was  good  and 
cross-talk  characteristics  of  the  cable 
satisfactory. 


INSOLATION 

High  speed  (2200  m/min)  lines  with  tandem 
drawing  were  needed. 

Two  european  manufacturers  were  selected. 
Lines  1  and  2  are  from  manufacturer  "A"- 
Lines  5  and  6  are  from  manufacturer  "B" 
with  copper  drawing  machine  from 
manufacturer  "C",  which  were  available 
from  previous  separate  drawing  operation 
for  paper  insulated  cables-  Lines  3  and  4 
were  assembled  with  take-up  from 
manufacturer  "B"  and  the  rest  of  the  line 
from  manufacturer  "A",  because  take-ups 
from  manufacturer  "A"  showed  early 
problems  in  changeover  at  top  speed,  and 
the  only  practical  solution  was  a  new 
designed  device;  on  the  other  hand 
extruders  from  manufacturer  "B"  have  more 
faults  on  the  insulation.  For  that 
matter,  the  best  insulating  material, 
was  found  to  be  medium  density  PE. 

No  important  scrapes  or  abrasion  on 
insulation  was  found  in  the  following 
manufacturing  stages,  and  compatibility 
with  filling  compounds  is  good  as  high 
density  PE  or  better. 

These  insulation  lines,  like  almost  all 
modern  machinery,  have  PLC  computer 
control.  During  start-up  and  debugging 
some  PLC  has  caused  many  inconveniences, 
but  of  course  these  feature  a^-e  useful 
for  reporting  processing  conditions  and 
for  integrated  quality  control. 

The  first  three  lines  installed  supplied 
at  least  tOO.OOO  bn  pair  -  month, 
therefore  6  lines  will  alljw  a 
manufacturing  capacity  of  200.000  km  pair 
per  month,  more  than  2  million  km  pair 
per  year. 


The  basic  idea  was  to  gang-connect 
twinning  and  stranding  together,  in  order 
to  have  one  man  operation  for  the  whole 
time  in  which  the  machine  is  running. 

In  the  first  phase,  the  old  rotating 
take-up  strander  was  connected  and 
syncronized  with  the  10  group  twisters. 

The  maximum  speed  at  which  the  line  could 
run  was  80  m/min  .rather  good  for  a 
machine  16  years  old,  but  unsatisfactory 
to  achieve  maximum  productivity  target, 
because  two  underestimated  problems 
arose. 

The  first  and  plain  one,  was  the  diameter 
of  the  take-up  reel  (1250  mm)  which 
allows  a  maximum  length  of  100  pair  unit, 
about  2  km.  Since  the  wire  length  on  the 
twisters  is  more  than  72  km,  the  sum  of 
stop  times  for  changing  the  take-up  reel 
was  more  than  one  8  hours  shift. 

The  second  problem,  and  tricky  one,  was 
the  tension  and  stop  devices  of  the 
binders  in  sub-units  formig  systems. 
Binders  breaks  occurred  often  during 
speed  changes  and  sometimes  were 
undetected  by  the  stop  devices,  thus 
allowing  sub-units  without  identification 
inside  the  cable,  and  causing  many 
problems  for  detecting  and  repairing. 

The  solution  was  to  change  both  the 
rotating  take-up  and  the  binders  group 
(new  oscillating  plates  were  also 
fitted).  The  new  strander  has  1600  mm 
diameter  take-up,  thus  allowing  more  than 
6  km  unit  length,  with  a  total  stop  time 
for  reel  change  about  2  hours.  Besides 
the  new  machine  can  run  at  100  m/min, 
increasing  therefore  production  and 
productivity. 

The  new  binders  have  electronic  tension 
control,  and  electronic  stop  s*  .n 
directly  connected  with  the  spir  .j.ng 
head,  so  that  tension  can  be  carefully 
adjusted  and  changes  with  speed,  whilst 
any  eventual  break  will  positively  stop 
the  line. 

The  additional  total  time  for  changing 
the  binding  tapes  during  a  complete  72  km 
run  was  less  than  1  hour  and,  by 
adjusting  the  length  on  the  bobbins, 
stops  could  be  made  in  the  same  time  with 
reel  changing. 

Loading  of  insulated  wire  is  the  most 
time  consuming  operation.  For  the  first 
phase,  no  automatic  loading  is 
provided,  for  the  reason  of  simplicity 
and  also  because  of  the  huge  personnel 
problem  arising  from  the  change  to 
plastic  insulated  cable,  from  older  paper 
insulated  cable. 
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At  that  time,  the  twisters  groups  were 
equipped  with  storage  rails  and  manually 
operated  loading  device.  The  time  for 
loading  each  reel  with  one  man  is  about  3 
minutes.  Thus  10  hours  are  needed  with 
one  men  only.  By  using  a  team  of  people 
(that  can  temporarily  leave  other  work)  a 
satisfactory  arrangement  is  reached, 
loading  the  machine  in  2-3  hours, 
attaining  production  targets .  A 
robotized  handling  and  loading  system 
is  already  designed  and  installation 
will  begin  by  end  of  1990,  this  system 
will  allow  attaining  also  productivity 
targets . 

Since  a  rigid  system  like  the  above 
outlined  one  can  be  vulnerable  by 
mechanical  or  electrical  failures,  one 
additional  group  twister  module  is 
provided,  in  order  to  minimize  the  stop 
time  for  maintenance,  and  working  for 
manufacturing  spare  pairs  or  sub-units 
for  small  size  cable,  during  normal 
operation. 

The  complete  line  is  controlled  by  a  PLC 
and  a  controller  reports  on  a  display  a 
written  alarm  condition  like  wire  n°l 
break,  door  not  closed  on  machine  n°2, 
etc.  Otherwise  an  alarm  lamp  system 
would  require  at  least  300  lamps  for  the 
same  function. 


If  a  systematic  defect  is  detected  (E.G. 
due  to  improper  twinning  operation ) ,  it 
could  be  removed  before  starting  the 
following  work  shift. 

Continuity  (opens),  and  defective  contact 
( shorts ) ,  are  other  time  consuming 
checks,  to  be  carried  out  on  finished 
cables  on  100%  of  conductors. 

For  this  task,  automatic  testers  with 
pair  sorting  rotating  heads  were  choosed. 
The  pick-up  speed  is  11+13  cores/second 
and  the  performance  is  complete  check  of 
12  cables  with  1200  pair  count  in  6  hours 
with  2  men.  The  productivity  gain  is  at 
least  3  to  1  in  man  hour,  compared  with 
traditional  ring-out  technique. 

Two  set  of  each  tester  (continuity  and 
defective  contact)  are  used. 


Conventional  machinery  like  cable 
stranders,  armouring  lines,  jacketing 
extruders  and  filling  equipment  were 
already  available,  or  new  ones  were 
bought  as  complement  and  installed.  In 
order  to  improve  productivity, 
modifications  were  made  with  larger 
diameter  pay-off3  and  larger  size  of 
rolls  on  tape  applicators. 


All  machines  are  fitted  with  in  line 
controls,  therefore  major  deviations  are 
early  detected  and  cared  for,  but 
transmission  and  electrical  parameters 
should  be  measured  on  finished  cables, 
according  specifications,  on  statistical 
basis . 

In  order  to  reduce  test  time  a 
computerized  and  fully  automatic  bridge 
was  choosed,  equipped  with  additional 
test  frames .  During  measuring  time 
(about  1  hour  and  half),  the  operator 
connects  a  second  cable  to  the  additional 
frames,  thus  saving  about  1  hour  in  this 
operation. 

We  hrve  found  that,  for  about  130.000  km 
pair  per  month  with  an  average  pair  count 
400+600  pairs  the  total  measuring  time 
(according  sFScified  percentage)  is  18+20 
days  on  3  shifts  with  one  instrument. 
Since  the  target  is  200.000  km  pair  per 
month,  a  second  instrument  was  ordered 
for  delivery  in  the  secon  half  of  1990. 
The  control  of  semi-finished  products 
(E.G.  100  pair  units),  is  performed  at 

the  process  stage  with  a  smaller  bridge 
for  low  frequency  characteristics, 
measuring  10  pairs  cn  different  3ub-units 
on  every  6  km  length. 


The  main  result  is  the  possibility  of 
manufacturing  100  pairs  unit  (base  of 
almost  all  cables)  starting  with 
intermediate  copper  wire,  with  only  5 
people  per  shift. 

The  main  new  developments  is  the  handling 
and  loading  robot  system,  wich  will  be 
operational  in  1991.  Since  the  data  of 
loaded  reels  are  stored  in  the  handling 
system  computer,  complete  tracking  and 
connection  for  quality  management  system 
is  allowed. 

Other  development,  already  planned  or  in 
pxogirsss  is  the  installation  ^  of 
additional  machines  for  efficient 
production  of  smaller  size  cables. 


The  authors  wish  to  acknowledge  the 
advice  of  Dr.  F.  Montalti  of  S.I.P.  on 
cable  design  and  performance. 


International  Wire  &  Cable  Symposium  Proceedings  1990  353 


REFERENCES 


(1)  G.  Paternostro  "State  of  the  art  on 
telecommunication  cables. Jelly  Filled 
local  telephone  cables" 

Paper  of  S.E.C.R.I.  Symposium  - 
SHANGHAI,  1986. 


(2)  F.W.  Horn  "Cable,  inside  and  out" 
Lee’s  ABC  of  telephone  -  CHICAGO, 
1974. 


(3)  E.  Esposito  "Test  and  measurement 
parameters  for  telephone  multipair 
copper  cables" 

I.W.C.S.  Proc.  ATLANTA,  1989. 


Group  of  multiple 
pairing  machines. 


Detail  of  a  multiple  pairing 
machine. 


Automatic  machine  for  measuring 
electrical  and  transmission 
parameters  (including  high  frequency). 
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INTRODUCTION  OF  A  C.I.N.  SYSTEM  DEDICATED  TO  THE  PRODUCTION 
OF  POLYETHYLENE-INSULATED,  COPPER-PAIR  TELEPHONIC  CABLES 


B.  Pugno  A.  Ragni 


CEAT  CAVI  Industrie  TORINO 


Abstract 

To  operate  with  a  CIM  philosophy  implies 
the  ability  to  match  technological  and  hu 
man  resources  within  an  organisation  stron 
gly  predisposed  towards  overall  company 
goals,  as  against  specific  operative  ob¬ 
jectives  . 

Such  an  approach  must  be  considered  wi¬ 
thin  a  much  wider  "Quality  System"  and 
requires  a  strong  evolution  of  company 
culture. 

The  term  "quality"  does  not  only  signify 
a  better  production  and  at  lower  cost,  but 
above  all  it  implies  collaboration  within 
the  company  and  cooperation  outside  it. 

It  is  in  the  light  of  this  "Comaking" 
approach  that  a  new  CIM  system  for  polye¬ 
thylene-insulated,  copper-pair  metallic 
cables  has  been  developed  for  the  custom 
of  SIP  in  the  Ascoli  Piceno  plant. 

The  project  is  divided  into  several  opera 
tional  phases,  amongst  which  the  present 
phase  is  concerned  with  the  control  of  each 
extrusion  line  and  with  its  integration  at 
department  level. 

The  development  plan  foresees  a  horizontal 
broadening  of  the  system,  with  a  gradual 
extension  to  the  whole  production  process 
and  with  vertical  integration,  this  latter 
operation  carried  out  m  order  to  avoid  me 
re  "technological  islands"  and  to  obtain  a 
full  managerial  supervision  both  of  the 
qualitative  and  productive  areas. 

Nomenclature 

SIP:  Italian  Telecommunic .  Operating 
Company . 

CCI:  Ceat  Cavi  Industrie. 

CIM:  Computer  Integrated  Manufacturing. 


JIT:  Just  in  Time. 

WIP:  Work  in  Process. 

ISDN:  Integrated  Services  Digital  Network. 

Following  the  massive  development  of  tele¬ 
communication  systems,  there  is  a  general 
trend  within  the  industrialised  world  of 
instituting  national  networks  through  the 
introduction  of  ISDN  systems.  For  this  rea 
son,,  while  fully  accepting  the  prediction 
of  a  strong  growth  in  optical  fibre  cables 
for  long  and  medium  distances,  it  is  just 
as  evident  that  the  distribution  network 
shall  still  be  predominantly  based  on  cop¬ 
per-pair  metallic  cables,  at  least  for  the 
next  ten  years.  In  Italy,  SIP  has  opted 
for  the  highest  quality  and  reliability, 
able  to  sustain  a  transmission  capacity 
of  up  to  2Mbit/s.  Such  a  goal  can  be  attai 
ned  through  the  cooperation  of  client  and 
supplier  (Comaking).  The  requirement  for 
this  project  follows  from  Sip's  strong  wi¬ 
sh  to  modify  radically  the  whole  concept 
of  industrial  cable  testing. 

An  industrial  operation  guaranteing  quali¬ 
ty  means  having  to  adapt  the  whole  enter¬ 
prise  organisation  to  such  "quality"  pro¬ 
duction  (Fig.l).  It  is  thus  absolutely  vi¬ 
tal  to  view  such  an  undertaking  not  simply 
as  a  financial  outlay,  but  as  a  positive 
advantage  with  beneficial  returns,  even  in 
economics  terms.  Strategically,  Quality  si 
gnifies  a  lowering  of  the  costs  to  be  assi 
gned  to  design,  production  and  service.  It 
may  also  be  a  means  through  which  to  incre 
ase  the  cable  market  value  and  to  improve 
price  policy. 

By  adopting  the  "quality  warranty"  conce¬ 
pt  over  the  entire  productive  and  control 
cycle,  the  supplier  will  be  required  not 
only  to  analyse  the  conformity  of  the  fi¬ 
nal  product  but  also  to  certify  the  whole 
process . 
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There  is  a  need  to  overtake  the  traditional 
system  based  on  the  control  of  the  product 
at  the  end  of  the  manufacturing  process. 

The  quality  of  the  product  is  the  result 
of  the  quality  of  the  manufacturing  pro¬ 
cess. 

The  operational  means  to  sustain  a  global 
quality  ehilosophy  have  been  identified  to 
exist  with  in  a  system  of  automatic  inte¬ 
gration  for  the  telephonic  cables  produc¬ 
tion  units  in  Ascoli.  Such  a  system  has 
been  designed  by  following  the  CIM  philo¬ 
sophy. 
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CIM _ as  Company.  Strategy 

The  ever-increasing  demand  for  competivi- 
ty  in  the  world  markets  forces  companies 
towards  solutions  aimed  at  compensating 
the  general  trends  of  product  cost  increa¬ 
ses  in  parallel  with  working  hours  reduc¬ 
tions.  Already  during  the  eighties,  the  se 
arch  for  efficiency  has  led  to  a  massive 
introduction  of  computerised  systems  in 
the  manufacturing  field. 

This  event  has  actually  led  to  swift  im¬ 
provements  in  production  alone,  though  wi¬ 


thout  any  global  benefit  for  the  company. 

In  fact,  the  technological  improvement  of 
each  manufacturing  area  cannot  in  itself 
be  synonymous  with  efficiency  for  the  whole 
productive  cycle,  as  the  latter  is  control 
led  by  temporal  and  qualitative  components 
(what,  where  and  how  to  manufacture),  the¬ 
se  being  all  parameters  which  influence 
production  costs.  The  concept  of  CIM  (Com 
puter  Integrated  Manufacturing)  is  based 
on  the  assumption  that  general  enterprise 
benefits  are  not  only  obtained  by  inve¬ 
sting  in  automation,  but  also  by  construc¬ 
ting  a  framework  of  organisational,  archi¬ 
tectural  and  methodological  support  around 
the  ’automation  itself. 

After  compiling  and  putting  into  practice 

all  such  preconcepts  (doubtless  an  underta 

king  easier  said  than  done), a  whole  series 

of  goals  may  bt  deemed  attainable: 

-productivity  increases 

-reductions  in  scrap 

-quality  improvements 

-an  increase  in  flexibility 

-reduction  of  resources  lock-up 

-optimum  use  of  machinery 

-shortening  of  delivery  times 

Obviously,  such  benefits  vary  in  entity, 
mainly  as  func*-«ons  of  the  costing  structu 
re  of  the  sectors  under  review. 


The  world  market  in  cables  ha3  been  esti¬ 
mated  in  198S  as  over  40  billion  dollars. 
Future  growth  is  predicted  to  be  around  2- 
3%  per  year,  excepted  for  telecommunica¬ 
tion  cables,  where  growth  is  estimated  at 
a  yearly  rate  of  7-8%. 

The  average  manufacturing  cost  of  cable 
can  be  divided  into: 

62%  raw  material 
15%  operator  costs 

15%  machinery  (including  servicing,  capi¬ 
tal  interest  etc...) 

5%  buildings 
3%  interest  on  stock 

It  may  be  assumed,  l.that  manufacturing  costs  a- 
mount  to  approximately  2/3  of  sales  volume. 

According  to  a  survey  carried  out  on  the 
major  world  cable  manufacturers,  savings 
varying  between  6  and  22%  were  estimated 
(Figs.  2*3). 
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Such  a  wide  spread  of  estimates  clearly  in 
dicates  that  there  are  two  different  tren  - 
ds  in  the  cable  industry  concerning  the  in 
troduction  of  automation  systems,  one  fa¬ 
vourable,  the  other  much  less  predisposed 
to  it. 

It  is  expected  that  the  evolution  of  the 
cable  market  in  the  nineties  will  favour 
volume  production  in  the  telecommunication 
sectors,  with  the  requirement  for  large- 
scale  fusion  in  the  manufacturing  of  such 
cables,  while  in  the  special  cable  area, 
requirements  will  instead  lean  more  towar¬ 
ds  manufacturing  flexibility,  in  order  to 
produce  small  batches  of  a  great  variety 
of  products. 

Both  these  requirements  may  be  satisfied 
the  introduction  of  CIM  systems. 


The_CIM_sj’Stem_in_CEAT_CAVI_ Indus trie 

Firstly  a  CIM  project  must  consider  the  re 
lationsl ips  between  responsible  departmen¬ 
ts.  In  particular,  the  departments  most  di 
rectly  involved  in  the  project  are  the  fol 
lowing:  Commercial,  Research  and  Develop¬ 
ment,  Manufacturing,  Logistics,  Servicing, 
Quality,  Stock  Control,  Organisation .Mana¬ 
gement,  Planning,  and  Information  Systems. 


The  Communication  factor  must  be  followed 
carefully  both  in  the  definition  phase  and 
in  the  system  realization. 


The  key  aspect  to  follow  for  a  successful 
accomplishment  of  the  project  is  the  direct 
involvement  of  all  the  interested  parties, 
with  a  full  mandate  from  the  Board  of  Mana 
gement. 

It  is  of  paramount  importance  not  to  neg¬ 
lect  the  human  component. 

Thus,  an  investment  in  training  is  requi¬ 
red,  as  is  careful  planning  directed  not 
only  to  the  testing  stage  but  also  to  the 
instruction  stage. 

Training  also  means  involvement:  to  invol¬ 
ve  personnel  in  the  analysis  and  definition 
phases  is  more  important  than  simply  to  tra 
in  the  operator  in  the  use  of  a  sys ;em  with 
which  he  will  not  feel  at  ease. 

One  of  the  most  important  factors  is  COMMU 
NICATION.  This  is  the  real  bond,  the  "sti¬ 
cking  material",  akin  to  the  "medium"  which 
fluidifies  the  canvas  dyes  and  enables  pai 
nting  to  take  place. 
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In  the  first  phase,  communication  is  the 
means  used  to  harmonise  the  requirements 
and  requests  of  the  various  interested  par 
ties,  it  is  strongly  recommended  that  a  pro 
per  analysis  Methodology  be  followed,  most 
of  all  to  facilitate  such  a  process.  In  the 
realisation  phase,  it  is  also  fundamental 
to  define  a  "system  of  communication"  to 
support  the  varied  elements  which  are  part 
of  a  CIM  system.  However,  the  choice  of 
Standards  to  conform  with  this  trend  is  ma 
de  arduous  by  the  difficulty  the  market  ex¬ 
periences  in  observing  such  parameters. 


neral  Production  Planning,  Industrial  Ac¬ 
countancy),  and  also  with  the  Technical Sy 
stems  (Material  Bill  and  Technological  Da¬ 
ta)  . 

Within  the  Iesete  mentioned  above,  it  is  e- 
vident  that  the  higher  the  level  the  grea¬ 
ter  the  requirement  for  data  processing.  (Tn 
the  other  hand,  at  low  levels  the  main  de¬ 
mand  on  the  systems  is  to  be  capable  of 
interacting  in  a  synchronous  manner  with 
field  activities  and  thus  with  data  collec¬ 
tion  and  transmission. 


In  order  to  make  use  of  a  common  language, 
it  is  necessary  to  refer  back  to  a  model 
with  schematic  drawings  of  the  concepts  in 
volved.  For  this,  the  pyramid  model  is  ge 
nerally  accepted,  having  become  a  sort  of 
"logo"  for  CIM  systems.  (Fig. 4).  In  parti¬ 
cular,  within  CCC  the  selected  configura¬ 
tion  is  characterised  by  four  levels: 

-level  0:  machinery 
-level  1:  production  line/cell 
-level  2:  department 
-level  4:  plant 
Level  0  (Machinery): 

in  this  level  belong  all  the  "devices" 
strictly  dedicated  to  operational  acti¬ 
vities,  that  is  employed  to  guarantee 
the  functionality  of  the  machinery  (sen 
sors,  actuators,  PLC  control,  etc...) 

Level  1  (Production  line/cell): 
by  production  cell  one  means  an  ensemble 
of  machinery  dedicated  to  the  correct  o- 
peration  of  a  defined  manufacturing  fun¬ 
ction.  The  process  is  controlled  and  gui 
ded  by  a  system  of  process  management. 
Examples  of  production  cells  are  wire 
drawing,  insulating,  armour  etc. 

Level  2  (Department): 

corresponds  to  a  group  of  several  lines 
which  cover  the  whole  manufacturing  cy¬ 
cle  of  a  product.  As  an  example,  in  the 
manufacturing  of  telephonic  cables,  the 
cycle  is  from  the  wire  drawing  stage  to 
the  final  sheathing  and  cable  testing. 

Level  3  (Flant) : 

the  plant  level  represents  the  point  con 
vergence  of  all  the  manufacturing  depar¬ 
tments.  At  this  level  a  direct  connection 
takes  place  with  the  managerial  systems 
(Orders,  Stock-taking,  Total  Quality,  Ge 
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The  level  of  automation  present  on  cable 
manufacturing  machinery  is  still  very  li¬ 
mited  at  the  present  time.  Some  machines 
have  installed  an  automation  system  for 
the  loading,  unloading  and  swapping  of  re¬ 
els,  for  the  purpouse  of  ensuring  a  conti¬ 
nuous  operation  and  to  relieve  the  working 
load  of  the  operators.  However,  nowadays 
other 
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machinery  is  available  on  the  market,  new 
machines  which  possess  control  devices  de¬ 
signed  to  overview  completely  the  setting 
of  manufacturing  parameters,  as  well  as  to 
manage  the  analysis  and  control  of  the  ac¬ 
tivities  relevant  to  manufacturing  and 
quality. 

From  such  a  perspective,  the  telephonic 
Department  of  the  CCI  plant  at  Ascoli  Pi- 
ceno  may  rightly  be  considered  at  the  fo¬ 
refront  of  the  technology,  in  as  much  as 
a  sizeable  funding  plan  has  already  been 
defined,  in  order  to  equip  the  plant  with 
more  advanced  machinery  to  support  sophi¬ 
sticated  control  systems. 

The  principal  characteristics  of  the  depar 
tment  are  as  follows: 

9 

-  production  capability  of  1.8  x  10  m 
of  copper-pairs/year 

-  a  related  labour  force,  including  labo¬ 
ratory  staff,  of  180 

-  of  copper-pair  identification  using  seven 
main  colours 

-  scrap  of  the  order  of  4.5% 

-  production  period  from  beginning  of  manu 
facture  to  finished  product  20  days. 

The  manufacturing  process  is  represented 
in  figure  5,  where  can  be  seen  on  a  striped 
background  the  areas  already  equiped  with 
advanced  systems  at  levels  0  and  1.  In  the 
same  figure,  within  the  square  border  is 
visible  the  portion  already  connected  to  a 
level-2  supervision  system. 

The  short-term  plan  is  to  extend  the  level- 
2  system  to  the  whole  striped  area.  In  the 
medium  term,  plans  are  concerned  with  the 
completion  of  all  level-2  functions  and  the 
integration  of  all  supervision  in  a  comple¬ 
te  level-3  system.  In  the  long  term,  it  is 
foreseen  to  extend  both  the  automation  and 
the  supervisory  systems  to  the  whole  DepaxM: 
ment. 

System  Architecture 

The  system  described  is  derived  from  the 
partnezship  between  CCI  and  large  swiss-fin 
nish  producer  of  cable  manufacturing  mach^ 
nery.  In  figure  4  the  architecture  of  the 
system  installed  at  Ascoli  is  shown  schema 
tically  using  «  pyramidical  model. 

System  components  are  the  following: 

-level-0  process  and  line  controllers:  on 
two  extrusion  lines  and  for  the  automatic 
store. 


-local  token-ring  network 

-level-2  area  supervisor 

As  Yet,  the  area  supervisor  {PC  386  IBM 
compatible)  is  not  connected  to  the  supe¬ 
rior  level,  from  which  it  would  receive  the 
manufacturing  plan.  Thus,  it  presently  al¬ 
lows  the  loading  of  "operational  orders" 
both  for  each  product  type  and  as  a  func¬ 
tion  of  a  secondary  parameter  (typically 
the  colour  of  the  extruded  component) .The¬ 
refore,  operational  "suborders"  are  genera 
ted  by  the  supervisor.  Bach  order  is  asso¬ 
ciated  to  an  execution  priority  and  a  cur¬ 
rent  state.  By  activating  the  manufacturing 
process,  the  system  selects  automatically 
the  available  resources  (lines)  and  unlo¬ 
ads  the  operative  sequence  on  the  best-sui 
ted  one. 

The  system  is  completely  parameter-defined, 
and  it  is  thus  possible  to  obtain  a  balan¬ 
ce  between  the  functionality  of  specific 
resources,  the  requirement  for  basic  semi¬ 
finished  products  and  the  need  to  minimise 
any  production  change. 

Through  the  system,  real-time  monitoring 
is  available  for  a  dozen  production/quali¬ 
ty  parameters  related  to  the  networked  li¬ 
nes  . 

A  series  of  reports  are  being  produced  at 
the  present  time,  concerned  with  production 
and  quality,  aiming  to  synthesise  data  from 
all  the  lines  connected  to  the  system. 

At  extrusion  line  level,  the  controllers 
are  based  on  programmable  control  and  on 
industrial  IBM  compatible  PC. 

Principal  characteristics  are: 

-process  management  through  programmable 
control  for  the  active  elements  of  the  ma¬ 
nufacturing  line; 

-local  managing  of  production  and  quality 
using  industrial  PC,  with  a  ligh  flexibili 
ty  and  adaptability; 

-ease  of  use  for  the  operator,  able  to  com 
municate  with  the  machine  through  a  colour 
-touch-screen  and  understandable  graphics. 

Instead,  the  automatic  store  controller 
is  based  on  a  micro  PDP  from  DEC,  also  e- 
quipped  with  multiple  local  functions. 

At  any  rate,  the  global  System  also  allows 
the  networking  and  thus  the  integration  of 
disparate  level-1  elements  through  gateways. 

In  its  integrity,  the  system  offers  multi,*- 
pie  advantages: 
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-optimisation  of  line  efficiency  and  of 
product  quality,  independently  from  the  a 
bility  and  qualification  of  the  operator; 
-continuous  line  supervision; 

-memorising  of  many  product  manufacturing 
specification,  thus  enabling  changes  in 
production  considerably  faster  than  at  pre 
sent; 

-continuous  control  and  recording  of  pro¬ 
duct  quality,  with  complete  documentation. 

The  development  plan  for  the  system  fore¬ 
sees  the  extension  to  the  whole  manufactu 
ring  process,  so  as  to: 

-balance  the  best  way  possible  the  resour¬ 
ces  of  each  stage  on  the  grounds  of  schedu 
ling  requirements 

-increase  the  interchangeability  of  plant 
flexibility 

-reduce/eliminate  intermediate  stocks 
-associate  quality  and  production  data  to 
each  batch  of  completed  products,  and  not 
only  to  each  manufacturing  stage  (total 
trace  ability) 

-notify  immediately  process  anomalies,  in 
order  to  prevent  scrap  formation. 

In  fact,  it  is  clear  that  only  total  mana¬ 
gement  enables  the  desired  objectives  to 
be  attained. 
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ARAMID  TAPES  AS  ANTI  BALLISTIC  PROTECTION  OF 
AERIAL  OPTICAL  FIBRE  CABLES 
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AKZO  Fibres  and  Polymers,  Arnhem,  Holland 


ABSTRACT 

Aerial  cable:  -  particulary  metal  free 
Optical  Fibrv  '’ables  -  are  sometimes 
damaged  by  hunters  using  the  cables  to 
adjust  their  guns  or  to  shoot  birds. 
This  not  only  can  lead  to  a  decrease  of 
signal  transmission  inside  these 
cables,  but  even  sometimes  to  a  total 
loss  of  the  cable  installed.  Even  an 
Optical  Fibre  Cable  with  longitudinal 
aramid  as  strength  member  can  be 
damaged  by  shotgun  pellets.  In  order  to 
reach  good  antiballistic  properties, 
tighter  constructions,  like  woven  tape, 
are  needed.  As  a  result  of  an  extensive 
testing  program,  we  have  found  that  2 
Twaron  aramid  tape  layers,  of  550  g/ra2 
each,  offer  good  antiballistic 
protection,  under  severe  circumstances. 


INTRODUCTION 

Aerial  Optical  Fibre  Cables  generally 
contain  dielectric  materials  only.  The 
use  of  such  materials  instead  of  metals 
has  been  found  to  reduce  installation 
and  maintenance  costs.  In  addition,  the 
cable  is  less  susceptible  to  corrosion 
and  is  lighter.  However,  recent 
observations  revealed  there  are  some 
negative  side-effects  to  this  choice  of 
dielectric  materials.  In  some 
countries,  aerial  cables  appear  to  be 
used  as  a  target  by  private  hunters , 
adjusting  the  range  of  their  guns  or 
simply  shooting  birds.  In  the  case  of 
dielectric  cables,  this  not  only  can 
lead  to  loss  of  optical  transmission 
inside  these  cables,  but  sometimes  also 
to  total  breakage  of  the  installed 
cables.  It  will  be  clear  that  risks  as 
referred  to  above,  call  for  the 
development  of  shotproof  cables. 


TWARON  ARAMID  AS  SHIELDING  MEMBER 

A  well-known  material  used  for  anti¬ 
ballistic  purposes  (bullet  proof  vestB, 
armored  shields  etc.)  is  Twaron  aramid 
yam  in  the  form  of  woven  fabrics . 
Therefore,  we  tested  three  different 
cable  constructions  based  on  a  design 
containing  such  fabrics.  With  the 
development  of  the  anti  ballistic 
protection  we  have  kept  in  mind  that : 

1. 

The  ballistic  protection  has  to  be  an 
element  adapted  to  the  methods  of 
processing  and  construction  typical  to 
the  cable  industry. 

2. 

Technical  and  economical  aspects  ask 
for  a  protection  as  thin  as  possiblA 
and  having  the  lowest  possible  weight. 

3. 

The  protection  has  to  be  considered  as 
an  independent  element,  with  a 
function,  different  from  that  of  the 
reinforcing  elements,  such  as  the 
central  strength  member  and  peripheral 
aramid  yarns.  A  ballistic  impact  -  even 
if  the  protection  has  been  damaged  - 
should  not  harm  the  long  term  tensile 
properties  and  modulus  of  the  cable. 

RESULTS 

After  extensive  weaving,  shooting,  and 
processing  trials,  we  have  come  to  the 
following  conclusions: 

1. 

A  longitudinal  aramid  strength  member 
is  not  suitable  as  an  anti  ballistic 
shield.  Since  the  aramid  yams  are 
partly  damaged  (see  pict.  1),  the  long 
term  properties  of  the  cable  are  also 
harmed . 
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Parallel 


2. 

For  a  good  ballistic  protection  two 
layers  of  Twaron  anti  ballistic  tape 
are  required s 


42 


The  two  layers  can  be  either  cross 
wound  or  positioned  parallel  to  the 
cable  axis: 


Cross  wound 


Original  optical  cable 


3. 

The  following  tape  construction  gave  a 
good  ballistic  protection:  (see  pict. 
2). 

Yarn  :  Twaron  type  1040,  1260  dtex 

Warp  t  24  yarns/cm 

Weft  :  17  yarns/cm 

Weave  :  Twill  2/1 

Weight:  550  g/m2  per  tape 

Layers :  2 

Excellent  ballistic  protection  (see 
pict.  3)  was  obtained  using: 

Yarn  :  Twaron  type  1040,  1260  dtex 

Warp  :  28  yarns/cm 

Weft  :  18  yarns/cm 

Weave  »  Twill  2/1 

Weight:  630  g/m2  per  tape 

Layers:  2 

4. 

The  amount  of  aramid  for  a  good 
ballistic  protection  is  about  40  g/m 
for  a  cablediam.  of  10  mm,  and  about  80 
g/m  for  a  diam.  of  20  mm. 


Picture  1  Only  aramid  as  a  longitudinal  strength  member. 
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CABLE  SAMPLES 

Three  cable  types  were  tested.  Each  of 
them  contained  6  optical  fibres  in  a 
loose  tube  design.  Except  for  one,  all 
samples  contained  one  or  more  aramid 
yarn  layers  as  longitudinal  strength 
members  (These  members  absorb  linear, 
radial  and  flexural  loads  during 
production  and  installation,  and  in 
practical  use).  Cable  type  A  contained 
no  aramid  reinforcement  at  all: 


Cable  type  A 
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Cable  type  A  was  covered  with  1-3 
layers  of  Twaron  woven  tapes,  spiraled 
around  the  cable  by  hand  and 
subsequently  covered  and  bound  by  a 
heat-shrinkable  tube .  Types  B  and  C 
contained  aramid  yarns  as  a  strength 
member  (longitudinal  to  the  cable 
axis),  but  were  not  covered  with  Twaron 
woven  tapes  as  we  wished  to  test  their 
antiballistic  behaviour  without  the 
ballistic  tape. 


Cable  type  B 


Aramid  longitudinal  strength  member 


Cable  type  C 


Aromld  tongltudlnol  «tr#ngth  m»mb*r 


SHOT  TYPE  AND  SIZES 

On  the  basis  of  the  common  denominator 
of  all  recorded  cases  we  chose  2  3/4" 
Remington  1  1/8  oz.  cartridges,  of  12 
gauge,  containing  6  or  8  size  lead 
pellets  or  steel  pellets  in  size  4  or 
6.  The  number  of  pellets  contained  in 
these  different  shot  sizes  are 
approximately: 


Shot  size 

PoUots/chargo 

Recorded  velocity 

Shot  type  S 

4 

152 

405  m/sec 

[Stool] 

6 

253 

402  m/a oc 

Shot  typo  L 

6 

253 

395  m/sec. 

[Lead] 

8 

462 

387  m/sec. 

In  practice,  the  choice  of  lead  and 
steel  is  governed  by  regulations  that 
vary  per  country.  Compared  to  a  lead 
pellet  of  equal  size,  the  energy 
transferred  from  a  steel  pellet  to  a 
cable  is  basically  higher.  This  is 
accounted  for  by  the  fact  that  all  the 
energy  of  a  steel  pellet  is  absorbed  by 
the  cable.  The  energy  of  a  lead  pellet 
is  partly  absorbed  by  the  pellet  itself 
due  to  its  deformation.  Therefore,  we 
decided  to  use  both  steel  and  lead 
pellets  in  different  shot  sizes. 

DISTANCE  BETWEEN  CABLE  AND  SHOT-GUN 

Normally  the  distance  between  hunter 
and  prey  will  be  such  that  the  prey 
will  not  be  scared  off  before  being 
shot  at.  Nevertheless,  for  our  tests  we 
have  chosen  a  distance  of  only  15 
meters  to  ensure  that  enough  pellets 
hit  the  cable. 

TESTING  OF  THE  CABLES 

The  shooting  trials  have  been  carried 
out  at  the  government  institute: 

Staatliches  Beschuseambt 
Mellrichstadt 
Bundesrepublik  Deutschland 

The  target  area  had  a  cross  section 
measuring  approximately  1.5  m.  In  this 
area,  a  cable  loaded  by  5  kg  was 
suspended  vertically: 
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Test  unit  for  ballistic  evaluation 


Cob!*  holder 


Every  cable  was  tested  with  one  shot 
size  and  type.  The  results  were 
analyzed  on  the  basis  of  photographs  of 
the  cable  layers  after  the  outer 
sheaths  had  been  peeled  off.  From 
samples  containing  Twaron  woven 
fabrics,  we  removed  the  heat  shrunk 
tubing  and  one  or  more  layers  of  fabric 
to  examine  the  optical  cable  itself  for 
any  damage.  The  test  results  showed 
whether  a  cable  containing  optical 
fibre  units  had  been  damaged.  Where  no 
damage  was  observed,  the  aramid  yarn 
and  tape  layers  had  been  analyzed  for 
penetration  by  the  pellets.  For  every 
shot,  the  speed  of  the  pellets  was 
measured  by  means  of  two  photodiodes . 

COMMENTS 

We  ensured  that  each  sample  was  hit  by 
enough  pellets  in  the  protected  area 
for  us  to  be  able  to  draw  valid 
conclusions.  Some  of  the  cables  were 
therefore  shot  at  twice. 

TEST  RESULTS 

CABLE  TYPE  A: 

A  cable  without  ballistic  protection 
(and  also  without  longitudinal  aramid 
strength  member)  is  damaged  completely 
by  any  shot,  (see  pict.  4).  Not  only 
the  outher  sheath  has  been  penetrated 
but  all  inner  parts  of  the  cable  - 
loose  tubes,  optical  fibres  etc.  -  have 
also  been  severely  affected. 

Good  ballistic  protection  is  obtained 
by  2  layers  of  tape  of  550  g/m  ,  The 
pellets  have  penetrated  the  cable  up  to 
the  inner  sheath.  The  dents  that  were 
subsequently  formed  in  the  inner  sheath 
sometimes  showed  minor  cracks . 


The  inner  part  of  the  cable,  however, 
is  free  from  damage  (pict.  2). 

Excellent  ballistic  protection  was 
obtained  using  a  tape  of  630  g/m2  in 
weight.  The  inner  sheath  nor  the 
optical  fibres  wore  damaged  at  all 
(pict.  3). 

CABLE  TYPE  B  and  Ci 

The  longitudinal  aramid  strength  member 
has  a  very  limited  antiballistic 
behaviour.  Since  the  aramid  yarns  are 
partly  damaged  (see  pict.  1),  the  long 
term  properties  of  the  cable  are  also 
harmed  I 


Picture  4  No  ballistic  protection. 


DISCUSSION 

This  study  has  shown  that  a  two  layer 
Twaron  aramid  tape  construction  of  550 
g/m2  per  tape  offers  a  good 
antiballistic  behaviour  under  severe 
circumstances  (short  shooting 
distance).  In  practice  it  may  be 
possible  that  a  lower  tapeweight  per  m2 
may  also  have  sufficient  ballistic 
properties .  Apart  from  this  a  reduction 
in  tapeweight  (without  reduction  of  the 
antiballistic  properties),  may  also  be 
realized  by  using  a  1/1  weave  instead 
of  the  used  2/1.  New  experiments  are 
being  carried  out  to  check  this . 
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Abstract 

A  two-point  bending  dynamic  fatigue  testing  apparatus,  in  which 
in  one  run  5  sets  of  10  fibres  can  be  fractured  at  5  different 
speeds,  is  described.  Measurements  are  reported  on  standard  and 
carbon-coated  fibres  at  room  conditions.  The  apparatus  can  also 
operate  in  vacuum  as  well  as  at  low  temperatures.  Measured  inert 
strains  of  17%  after  5  days  in  vacuum  agree  well  with  existing 
two-pomt  bending  results  at  liquid  nitrogen  temperatures.  Fibre 
lifetime  predictions  are  dtscussed. 

Introduction 

hi  many  countries  high  investments  have  been  made  in  optical 
fibre  cables.  In  the  future  the  investments  are  expected  to  in¬ 
crease  rapidly,  mainly  due  to  installation  of  the  ‘last  mile’.  It 
is  of  great  importance  that  the  lifetimes  of  the  optical  fibre  ca¬ 
bles  are  sufficiently  long.  An  important  possible  failure  cause 
is  fracture  of  the  fibres  due  to  stress  induced  crack  growth  (1). 
This  crack  growth  depends  on  environmental  conditions  and  on 
stresses  at  the  fibre  surface,  in  most  cases  caused  by  bending  of 
the  fibre  in  the  cable  structure. 

In  many  laboratories  fatigue  experiments,  in  which  fibres  are 
fractured,  are  carried  out  in  order  to  get  information  about 
the  corrosion  process.  Two  lifetime  models  that  relate  results 
from  laboratory  experiments  with  lifetime  at  service  conditions 
are  commonly  used  In  the  ‘Prooftest  Compared  Aging’  (PCA) 
model,  information  from  the  manufacturer  about  failure  and  en¬ 
vironmental  condition  during  prooftest  as  well  as  information 
about  the  weak  flaw  statistics  is  necessary  [2J.  Estimated  life¬ 
times  hence  strongly  depend  on  knowledge  about  the  produc¬ 
tion  process.  The  ‘Crack  at  Prooftest  Level’  (CPL)  model  does 
not  need  manufacturers  information  (except  prooftest  level),  but 
requires  knowledge  of  both  corrosion- speed  scale-factor  B  and 
corrosion-susceptibility  n  [3].  To  obtain  B  and  n  separately,  not 
only  fatigue  measurements,  but  also  measurements  of  the  inert 
strength,  defined  as  the  strength  before  crack  growth  can  oc¬ 
cur,  must  be  carried  out.  Different  leclmiques  to  measure  inert 
strength,  known  from  literature,  result  in  CPL  lifetime  predic¬ 
tions  varying  five  orders  of  magnitude  [4,5,6]. 

Inert  strengths  can  only  be  measured  by  means  of  dynamic  fa¬ 
tigue  experiments,  since  in  static  fatigue  experiments  no  fracture 
occurs  due  to  the  absence  of  crack  growth.  A  two-point  bending 
dynamic  fatigue  apparatus  is  developed  for  our  experiments.  In 
one  experimental  run  5  sets  of  10  fibres  are  fractured  at  5  dif¬ 


ferent  speeds,  in  an  environment  which  is  the  same  for  all  fibres. 
Results  are  presented  as  a  function  of  vacuum  (removing  ’’agres- 
sors”,  necessary  for  a  crack  to  grow)  exposure  time  Measure¬ 
ments  at  low  temperatures  are  in  preparation  in  our  laboratory. 
Measured  inert  strengths  are  compared  with  results  from  litera¬ 
ture  using  low-temperature  bending  and  using  low-humidity  and 
high  strain-rate  pulling  techniques  [4,5,6].  Furthermore,  mea¬ 
surements  on  standard  and  carbon-coated  optical  fibres  at  room 
conditions  will  be  presented.  Results  are  discussed  using  the 
PCA  and  CPL  lifetime  models. 

Lifetime  estimation 

Optical  fibres  made  from  silica  glass  consist  of  ring  structures 
of  SiO-tetrahedrals.  The  mechanical  bonds  of  these  tetrahedrals 
should  result  in  a  strength  (=  maximum  stress)  of  20  GPa.  The 
stress  concentration  at  crack  tips,  characterized  by  the  stress  in¬ 
tensity  factor  K[  =  Y t Ty/a,  in  which  Y  is  a  geometrical  factor,  a 
the  crack  depth  and  er  the  applied  stress,  causes  the  fibre  to  frac¬ 
ture  at  lower  stress  levels  [lj.  Fracture  occurs  when  K;  reaches 
the  critical  value  of  8  x  10 iN/m3^  [4j.  For  an  elliptical  crack 
Y  is  1,24  [4].  Hence  a  unique  relation  between  crack  depth  and 
strength  exists. 

In  practice  lower  strengths  are  observed  than  would  follow  from 
the  relation  between  crack  depth  and  strength.  Moreover  the 
strength  of  optical  fibres  depends  on  time.  This  can  be  explained 
by  crack  growth  due  to  a  stress  induced  chemical  reaction  (dis¬ 
sociative  chemisorption  [7])  which  breaks  the  bonds.  The  stress 
is  largest  at  the  crack  tip.  This  means  that  it  is  not  only  of  im¬ 
portance  how  corrosive  the  aggressor  is,  but  also  what  its  size  is, 
in  order  to  fit  in  the  crack  tip.  Water  and  ammonia  turn  out  to 
be  most  dangerous  for  stress  induced  corrosion  of  silica  glass  [7], 
Corrosion  of  silica  glass  is  usually  described  by  a  power  law  in 
which  the  crack  growth  da/dt  is  proportional  to  Kf,  with  n  the 
corrosion  susceptibility  [1].  It  can  be  derived  that,  for  fracture 
at  a  level  sufficiently  below  the  inert  strength  <r„  the  following 
equation  holds  approximately. 

*?-*  =  ±  f\n(t)dt  (1) 

In  this  equation  1/B,  which  is  a  function  of  n,  is  a  scale  factor 
for  the  speed  of  crack  growth,  and  t/  is  the  time  to  fracture.  For 
static  stresses,  o(l)  =  <r,,  the  time  to  fracture  t,  follows. 

t.  -  Bo?-1/*?  (2) 
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For  dynamic  stresses  which  increase  linearly  with  time,  <r(t)  = 
if  ■'t  the  strength  <fi  at  fracture  can  be  derived  in  a  way  similar 
to  the  derivation  of  equation  2. 

Oi  =  [d(n  +  l)Ba"-2]  "**  (3) 

Using  equation  2  and  3  it  can  be  seen  that  only  n  and  Bo*~2 
can  be  derived  from  laboratory  measurements  at  different  stress 
levels  (or  rates).  B  and  <x(  cannot  be  found  separately.  In  other 
words:  it  is  not  possible  to  distinguish  between  fast  growing 
small  cracks  (low  B,  high  <7j)  and  slowly  growing  large  cracks. 
Extrapolation  from  short  time,  high  stress  laboratory  measure¬ 
ments  to  long  time,  low  stress  service  conditions,  using  formula 
2,  is  not  possible  because  more  than  one  kind  of  crack  distribu¬ 
tion  exist.  One  crack  distribution  (intrinsic)  is  due  to  the  cooling 
of  the  fibre  when  it  is  drawn  from  the  preform  and  is  uniformly 
distributed,  also  for  short  pieces  [3].  Another  crack  distribu¬ 
tion  (extrinsic)  can  have  many  causes,  such  as  dust  particles 
from  the  fibre  drawing  furnace,  which  usually  gives  larger  cracks 
than  those  from  the  intrinsic  distribution.  Depending  upon  the 
production  technique  the  number  of  these  weak  flaws  can  vary 
from  several  per  kilometer  until  ‘almost  complete  elimination’ 
[8].  The  distribution  measured  for  short  lengths  in  laboratories 
will  hence  not  be  the  same  as  that  which  causes  failure  in  service. 

During  a  prooftest  the  weakest  flaws  are  eliminated.  The  proof- 
test  level  op  can  also  be  used  to  estimate  lifetimes  of  the  fibres 
in  service.  In  the  ‘Crack  at  Prooftest  Level'  (CPL)  model,  it  is 
assumed  that  after  prooftest  always  a  crack  exists,  which  cor¬ 
responds  to  the  prooftest  level  [3].  Using  equation  2  the  (mini¬ 
mum)  time  to  failure  tcpi  is  found. 

tcPL  =  Bo^/o?  (4) 

In  the  CPL-model  it  is  necessary  to  know  the  B-value.  This 
value  can  be  obtained  from  the  value  f?<r"-2,  measured  in  the 
laboratory,  if  the  inert  strength  distribution  of  the  fibres  be¬ 
fore  fracture  is  known.  For  the  CPL-model  thus  additional  inert 
strength  measurements  are  necessary. 

In  another  model,  the  ‘Prooftest  Compared  Aging’  (PCA)  model, 
the  aging  at  prooftest  during  time  tp  is  compared  with  aging  in 
service  (2).  Using  statistical  information,  such  as  the  failure  rate 
Fp  at  prooftest  and  the  distribution  of  weak  flaws,  characterized 
by  the  Weibul  parameter  mtI  (extrinsic),  an  estimation  of  the 
lifetime  tpcA  at  given  failure  rate  F,  in  service  follows  [2]. 


manufacturers  information.  The  Weibul  parameter  me„  which 
can  only  be  obtained  by  measuring  very  long  lengths  of  optical 
fibre  depends  strongly  upon  changes  in  the  production  process. 
The  failure  rate  Fp  at  prooftest  is  not  always  supplied  by  the 
manufacturer.  Furthermore  the  environmental  condition  during 
prooftest,  assumed  to  be  equal  to  that  in  service  in  the  PCA- 
model,  can  differ  significantly  from  the  service  environmental 
condition,  even  when  specified  equal.  Immediately  after  drawing 
and  coating  of  the  fibre  the  surface  of  the  quartz  will  be  very  dry. 
Since  moisture  from  outside  needs  a  certain  time  to  reach  the 
quartz  surface  through  the  primary  coating,  the  time  between 
drawing  of  the  fibre  and  prooftesting  is  of  importance  too. 

Inert  strength 

Inert  strength  is  defined  as  the  strength  of  the  fibre  before  crack 
growth  can  occur,  and  is  uniquely  related  to  the  depth  of  the 
largest  crack  of  the  tested  piece.  In  order  to  measure  inert 
strength  it  is  necessary  to  reach  the  level  of  fracture  in  a  time 
short  compared  with  the  time  that  a  crack  needs  to  grow.  Once 
reaching  the  inert  strength  test  conditions,  the  strengths  should 
be  independent  of  the  speed  at  which  the  fracture  level  is  reached, 
and  this  independence  is  hence  a  good  criterion  to  recognize  inert 
condition.  When  the  environmental  conditions,  such  as  water, 
do  not  contribute  significantly  to  the  stress  concentration  near 
the  crack  tip,  which  is  most  likely,  the  environmental  conditions 
at  which  the  inert  condition  is  reached  is  not  of  importance. 
Different  inert  strength  measuring  techniques  should  hence  be 
comparable.  The  first  known  method  is  reducing  the  reaction 
speed  of  the  aggressor  by  means  of  low  temperatures,  e.g.  liquid 
nitrogen  (5).  The  second  method  is  to  remove  the  aggressor  by 
using  low  humidity  or  vacuum  (4). .  The  third  method  is  high 
speed  pulling  [6). 

Apparatus 

In  order  to  compare  inert  strength  measurements  at  low  hu¬ 
midities  with  those  at  low  temperatures,  a  two-point  bending 
technique  [9)  is  developed  which  will  operate  under  both  en¬ 
vironmental  conditions.  With  this  technique  a  fibre  is  placed 
uetween  grooves  in  two  parallel  plates  in  a  ‘C-shape’,  the  ‘C’ 
in  a  plane  perpendicular  to  the  plates,  When  the  distance  be¬ 
tween  the  plates  is  reduced  the  curvature  of  the  fibre,  which  is 
maximum  just  in  the  middle  between  the  plates,  increases  until 
fracture  occurs  (9). 


tpcA  -  tp 


/n(  1  -  F,)  1 
Ml  -  Fp)  f 


(l  +  C)-l 


(5) 


In  this  equation,  which  is  derived  for  equai  lengths  for  prooftest 
and  service  at  which  the  failure  rates  are  defined,  C  is  equal  to 
Bj(Optp).  In  this  model  also  the  value  of  B  must  be  known.  The 
inventors  of  the  PCA-model  argue  that  C  is  always  much  smaller 
than  1  and  can  be  neglected,  eliminating  the  need  to  know  the 
value  of  B  (2).  A  value  of  C  much  smaller  than  1  is  however 
not  a  sufficient  condition  for  neglecting  C  in  equation  3.  This 
may  only  be  done  if  also  C  is  much  smaller  than  (<r"f,)/(<r”tp), 
or  in  other  words:  t,  »  tcpi.  Fortunately,  since  a  value  C 
of  zero  always  gives  the  smallest  lifetime,  the  PCA-model  can 
be  used  as  a  worst  case  model,  without  the  need  of  knowing 
B.  A  disadvantage  of  the  PCA-model  is  the  dependency  on 


In  figure  1  the  experimental  setup  for  the  two-point  bending  dy¬ 
namic  fatigue  measurements  is  shown.  Five  moving  plates,  each 
with  ten  fibre-fixing  grooves,  can  move  towards  five  grooved  sta¬ 
tic  plates.  The  fibres  are  placed  between  the  plates  in  ten  parallel 
‘C-shapes’.  The  moving  plates  are  pushed  by  three  driving-bars 
which  are  connected  to  a  slide  with  special  bearings,  driven  by 
an  'in  vacuum’  stepper  motor  (10).  Just  before  a  set  of  plates 
touch,  and  after  the  fibres  between  those  plates  have  fractured, 
the  moving  plate  is  disconnected  from  the  three  driving-bars  by 
means  of  unlocking  pins.  With  this  construction  it  is  possible 
to  close  the  different  plates  at  different  times.  The  construction 
is  such  that  turning  over  of  the  moving  plates  is  avoided  when 
fibres  are  breaking  asymmetrically  (at  one  side  of  the  plate  first). 

With  the  apparatus  described,  it  is  possible  to  fracture  five  sets 
of  ten  fibres,  each  with  five  different  speeds  in  a  single  experi- 
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FIBRE  INSERTION  TOOL  FIBRE  GROOVES  PIEZO'S 


Figure  1:  Two-pomt  bending  dynamic  fatigue  testing  apparatus. 
Five  moving  plates,  each  with  ten  fibre  fixing  grooves,  can  move 
towards  five  grooved  static  plates.  Using  an  unlocking  pin  mech¬ 
anism  the  plates  can  close  at  different  times,  allowing  different 
speeds  at  which  the  fibres  between  the  plates  fracture. 

mental  run.  The  fracturing  of  the  fibres  is  detected  by  means  of 
individual  piezo’s.  A  special  tool  is  used  in  order  to  insert  the 
fibres  between  the  plates  at  a  fixed  position  This  is  necessary 
to  assure  correct  detection  of  fracturing  fibres  with  the  piezo’s. 
The  piezo’s  are  connected  to  a  control  unit.  After  detecting  the 
fracturing  of  all  the  fibres  between  a  set  of  plates  at  a  certain 
speed,  this  unit  immediately  changes  the  speed  of  the  driving- 
bars  to  the  next  speed  The  apparatus  is  constructed  in  such  a 
way  that  when  a  set  of  plates  is  closed,  the  distance  between  the 
next  set  of  plates  is  4  mm.  This  means  that  at  the  time  that 
the  fibres  between  the  first  set  of  plates  have  fractured  at  plate 
distance  x  and  the  speed  of  the  driving-bars  is  changed,  the  dis¬ 
tance  between  the  next  set  of  plates  will  be  x  +  4  mm.  Since  x 
is  always  less  than  3  mm  in  our  experiments,  the  crack  growth 
of  the  fibres  between  a  set  of  plates  (with  x  +  4  =  7  mm)  before 
the  speed  of  the  driving-bars  is  changed,  can  be  neglected  with 
respect  to  the  crack  growth  at  the  next  speed  (until  x  =  3  mm), 
as  can  be  understood  by  comparing  the  lifetimes  using  formula  2 

In  order  to  calibrate  the  apparatus  several  experiments,  with 
all  the  moving  plates  at  the  same  speed,  have  been  carried  out. 
The  information  is  used  to  correct  the  values  of  the  counter  of  the 
stepper  motor  at  which  the  plates  are  closed  A  reproducibility 
of  median  values  of  the  plate-distance  of  5  pm  is  achieved.  This 
is  less  than  the  ‘natural’  spreading  of  10  pm  (corresponding  to 
a  Weibul  parameter  m  of  the  order  100  [9])  of  the  optical  fibres. 
The  individual  fracturing  of  the  fibres  can  be  studied  with  the 
described  apparatus.  Fracturing  neighbours  are  not  found  to  in¬ 


fluence  eachother.  'Chain-fracturing  at  one  side’,  which  would 
occur  when  the  plate  turns  over  when  fibres  at  one  side  of  the 
plate  fracture  first,  is  also  not  observed. 

Experimental  results 

In  figure  2  a  typical  Weibul  plot  of  (maximum)  fracture  strains 
(max  [9],  obtained  with  our  equipment,  is  shown.  The  fibre  A 
is  a  UV-acrylate  coated  monomode  fibre  which  is  taken  from  a 
20°C  and  75  %  RH  environment.  A  set  of  measurements  with 
five  different  plate  speeds,  is  carried  out  in  only  one  hour,  in¬ 
cluding  the  time  to  insert  the  fibres  between  the  plates.  Weibul 
parameters  m  ranging  from  50  to  70  have  been  measured,  which 
agree  well  with  experiments  performed  in  other  laboratories  [9]. 

In  figure  3  the  median  fracture  strains  of  the  same  fibre  A  are 
plotted  as  a  function  of  the  plate  speed.  From  the  slope  a  cor¬ 
rosion  susceptibility  n  of  20  is  deduced.  Measurements  on  UV- 
acrylate  coated  fibre  B  (stored  at  unknown  environmental  con¬ 
dition)  show  somewhat  higher  strengths  and  a  higher  n- value  of 
30.  In  figure  3  also  the  results  of  measurements  on  two  types  of 
carbon  coated  fibres,  C  and  D,  are  shown.  Within  the  accuracy 
of  the  measurements  an  n-value  of  oo  (|n|  >  200)  is  found,  which 
agrees  well  with  dynamic  pulling  fatigue  experiments  on  those 
fibres  [11].  Bending  experiments,  performed  in  another  labora¬ 
tory  [12],  show  however  lower  n- values  for  carbon  coated  fibres, 
ranging  from  45  to  65.  Our  measurements  show  initial  strength 
weakening  (at  low  speeds)  of  the  carl  on  coated  fibres,  which  is 
also  observed  in  dynamic  pulling  measurements  [11].  The  two- 
point  bending  strengths  of  these  fibres  are  however  larger  than 
those  measured  with  dynamic  pulling  experiments  of  the  suppli¬ 
ers  [13].  Surprisingly  high  bending  strengths  are  also  found  in 
another  laboratory  [12].  It  is  possible  that  the  deposition  process 
of  the  carbon  coating  creates  weak  flaws,  which  are  not  measured 
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Figure  2:  Weibul  plot  of  fracture  strains  obtained  with  two-point 
bending  dynamic  fatigue  measurements  at  different  plate  speeds 
on  standard  fibre  A,  taken  from  a  20° C  and  75%  RH  environ¬ 
ment. 


Figure  3:  Median  fracture  strains  obtained  with  two-point  bend¬ 
ing  dynamic  fatigue  measurements  on  fibres  taken  from  an  2CFC 
and  75  %  RH  environment  (except  fibre  B)  as  a  function  of  pla'.e 
speed.  Ftbres  A  and  B  are  UV-acrylate  coated  fibres,  while  fibres 
C  and  D  are  additionally  carbon  coated. 


Figure  4:  Median  fracture  strains  obtained  with  two-point  bend¬ 
ing  dynamic  fatigue  measurements  on  UV-acrylate  coated  fibre 
A  as  a  function  of  plate  speed,  for  different  pumping  times. 


by  the  two-point  bending  technique,  due  to  its  short  measuring 
length.  More  detailed  investigation  to  the  length  dependence  of 
the  strength  of  carbon  coated  fibres  is  recommended.  It  should 
be  mentioned  that  also  carbon  coated  fibres  with  strengths  com¬ 
parable  with  those  of  standard  coated  fibres  are  produced  [14]. 

In  figure  4  the  median  fracture  strains  of  standard  fibre  A, 
obtained  with  two-point  bending,  as  a  function  of  the  speed 
at  which  the  plates  approach,  are  shown  for  different  pumping 
times.  A  vacuum  of  5  •  10-6 ,  10-6,  5  •  10'6  and  3  •  10-6  mbar 
is  reached  after  pumping  during  2  hours,  15  hours,  2  days  and 
5  days  respectively.  Before  pumping,  at  every  experiment  the 
fibres  are  taken  from  a  20°C,  75  %  PH  environment.  Only  after 
pumping  for  five  days  the  strengths  saturate  at  a  speed  inde¬ 
pendent  level  of  17  %.  This  value  is  close  to  the  value  which  is 
obtained  by  two-point  bending  in  liquid  nitrogen  [5]. 

Reported  inert  strengths,  measured  with  pulling  at  -40°C  bone- 
dry-grade  COj  environment  [4j  and  with  high  speed  pulling  [6] 
are  a  factor  of  two  lower  than  obtained  by  us.  It  is  however  not 
known  during  what  time  the  fibres  of  the  first  mentioned  refer¬ 
ence  were  stored  in  the  inert  environment,  which  according  to 
our  measurements  is  very  important.  The  reported  high  speed 
pulling  inert  strengths  were  not  reached  in  the  experiment,  but 
were  obtained  from  extrapolation  of  the  deviations  from  the  lin¬ 
ear  relation  between  log(strength)  and  log(speed)  at  the  highest 
speeds  [6],  It  should  be  noted  that  in  our  two-point  bending 
measurements  maximum  stress  rates  of  70  GPa/s  are  reached, 
differing  only  one  order  of  magnitude  from  the  value  reached  in 
the  high  speed  pulling  experiment  [6],  while  the  inert  strength  is 
far  from  reached  in  our  experiment  at  standard  condition.  Dif¬ 
ferences  in  inert  strengths  may  also  be  explained  by  a  different 
behaviour  in  pulling  and  bending.  It  is  suggested  to  perform 
high  speed  pulling  measurements  in  a  more  inert  environment 
and  compare  measurements  with  bending,  using  the  same  fibres. 


Analysis 

In  figure  4  the  fracture  strains  of  fibre  A  are  given  as  a  function  of 
the  speed  v  at  which  the  plates  approach  eachother.  With  two- 
point  bending  the  stresses  of  the  fibre  do  not  increase  linearly 
with  time  when  v  is  constant.  First  there  is  a  non  linear  relation 
between  the  stress  <r  and  the  strain  e  of  an  optical  fibre,  <x  = 
£0(1  +  2  ■  ae)e,  in  which  E0  =  72  GPa  is  the  Young’s  modulus  at 
zero  strain  and  a  =  6  is  constant  [15].  Then  there  is  the  relation 
between  the  (maximum)  strain  of  a  fibre,  bent  between  plates, 
and  the  plate  distance  dpi„ (£  :  c  =  1.198  •  d/,Sre/dpioie>  in  which 
dfibre  is  the  diameter  of  the  (undated)  fibre  [9].  Using  equation 
1,  neglecting  higher  order  non  linear  elastic  terms  and  assuming 
constant  v  from  a  plate  distance  sufficiently  larger  than  that  at 
fracture,  a  relation  between  fracture  strain  and  plate  speed  v, 
similar  with  equation  3,  is  obtained. 


RJ 1  4-  -  ■  (Sfj)fj  = 
2 


v(n  -  l)gcrf2j  "-1 
1.198  ■  d/itreit’o 


(fi) 


Solving  the  quadratic  equation  for  ea,  an  expression  for  the  slope 
S  in  figure  4,  which  is  dlog(e<<)/dlog(ti)  =  v/(a  •  d(j/dv,  is  found. 


1  +  \atd  1 
1  +  aej  n  -  1 


(7) 
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Using  this  equation,  from  figure  4  an  n-value  of  20  is  found 
for  fibre  A  without  pumping.  With  equation  6  and  figure  4 
again,  from  which  both  and  <T{  are  obtained,  a  B-value  of 

1,3  •  10“*GPaJa  is  found  when  n  is  20. 

As  an  example  to  calculate  the  lifetime,  the  following  additional 
information  is  used:  Fp  =  2%,  F,  =  1%  (both  for  1  km),  m„  = 
10  (worst  case  known  from  literature),  tp  =  Is  and  <rp  =0.7GPa. 
When  tr,  is  taken  at  one  third  of  <rp,  the  PCA  model  gives  a 
lifetime  of  118  years.  In  order  to  guarantee  CPL  lifetimes  of  30 
years,  a,  must  be  of  the  order  of  one  seventh  of  up. 

Conclusions 

A  two-point  bending  dynamic  fatigue  apparatus,  in  which  five 
sets  of  ten  fibres  can  be  fractured  at  five  different  speeds,  is  de¬ 
scribed.  With  this  apparatus  the  corrosion  susceptibility  n  of 
fibres  can  be  measured  in  one  short  experimental  run.  Standard 
and  carbon  coated  fibres  are  measured  in  20°C  and  75  %  RH 
environment,  resulting  in  n-values  from  20  to  oo  (|n|  >  200). 
The  bending  strengths  of  the  carbon  coated  fibres  are  somewhat 
higher  than  their  pulling  strengths,  known  from  literature.  The 
described  apparatus  can  also  operate  in  vacuum  and  liquid  nitro¬ 
gen  (experiments  in  preparation)  environment.  It  took  five  days 
of  pumping  at  room  temperature  to  reach  an  inert  strain  of  17%, 
close  to  the  liquid  nitrogen  value,  known  from  literature.  Using 
this  information,  a  B-value  of  1.3 ■  10-8  GPa2s  is  found  when  n  is 
20.  Hence  the  CPL  lifetime  model,  which  doesn’t  contain  uncer¬ 
tain  production  process  parameters,  results  in  a  lower  allowable 
service  stress  of  l/7th  of  prooftest,  than  the  value  of  l/3th  of 
prooftest,  obtained  when  the  PCA  lifetime  model  is  used.  Fur¬ 
ther  research,  studying  the  discrepancy  with  inert  strengths  ob¬ 
tained  from  high  speed  pulling  measurements,  is  recommended. 
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Abstract 

A  new  instrument  has  been  developed  for  tensile  testing  of  com¬ 
paratively  long  lengths  of  optical  fibers.  The  instrument  enables 
rapid  evaluation  of  failure  statistics  from  both  tensile-  and  static 
loading  of  the  fiber.  An  advantage  of  the  new  principle  of  testing 
is,  that  several  failures  occur  at  each  shot,  thus  saving  the  time 
available  for  testing.  This  enables  tensile  testing  at  considerably 
lower  strain-rates  than  the  ones  usually  applied.  It  also  simplifies 
static  testing  at  any  required  level  of  strain. 

An  important  feature  of  the  instrument  is  the  loading  of  fiber 
by  controlled  strain,  which  simplifies  the  evaluation  of  failure 
data  since  no  adjustment  of  data  due  to  varying  fiber  thickness  or 
coating  strength  will  be  necessary.  Also,  the  estimation  of  fiber 
failure  in  cables  is  usually  based  on  strain  in  fiber,  being  an 
argument  for  measuring  strain  instead  of  stress  on  the  fiber  in  a 
fatigue  test. 

The  application  of  a  new  technique  is  presented  along  with 
a  comparison  with  end- load  tensile  tests  of  commercial  fibers. 

Introduction 

When  characterising  the  fatigue  of  optical  fibers  by  means  of 
tensile  tests,  the  strength  should  be  studied  within  the  widest  range 
of  stress  rates  attainable.  This  is  important  since  fatigue  mecha¬ 
nisms  may  change  with  time  and  load,  making  impossible  a 
reliable  extrapolation  of  tensile  test  data  from  ordinary  strain  rates. 
The  strive  should  also  be,  to  better  simulate  during  a  test  the  ope¬ 
rating  condition  of  fiber  in  cables. 

For  these  reasons,  a  new  instrument  has  been  developed  at 
the  Material  Laboratory.  The  instrument  enables  tensile  testing  of 
optical  fibers  at  long-lasting  load  and  very  low  rates  of  strain.  It 
is  called  "expander",  and  its  working  principle  is  that  of  controlling 
the  fiber's  strain  along  the  entire  length  of  fiber,  independent  of  the 
occurence  of  fiber  fractures.  The  rate  of  strain  can  bechosen  within 
a  wide  range.  The  accessible  ratio  between  the  highest  and  the 
lowest  rate  for  the  instrument  is  about  50,000  times,  the  lowest 
strain  rate  being  about  51 0*  %/s  corresponding  to  the  stress  rate 
3.5TO*  GPa/s  in  typical  singlemode  fibers.  The  expander  thus 
extends  and  completes  the  testing  facilites  at  the  Material  Labora¬ 
tory,  which  also  include  an  instrument  for  high-speed  tensile  test 
of  fiber. 


The  high-speed  instrument  covers  a  wide  range  of  stress- 
rates,  the  span  being  about  1,000,000  times,  but  it  was  designed 
mainly  to  cover  high  strain-rates  aiming  at  the  inert  strength  of 
optical  fibers,  which  is  accessible  only  at  the  highest  rates  usually 
attained  by  the  instrument,  i.e.  about  210s  GPa/s.  Tensile  testing 
at  such  extremely  high  stress  rates  enables  the  evaluation  of  the 
fiber's  B-value,  which  is  used  for  lifetime  estimation  of  optical 
fibers1-3 

The  expander  was  designed  to  further  extend  the  lower  limit 
of  accessible  strain-rates  to  complement  the  high-speed  instru¬ 
ment,  and  also  to  enable  mapping  of  failure  events  of  statically 
loaded  fibers. 


Reference  tests 

In  all,  three  types  of  acrylate  coated  singlemode  fibers  from  the 


Log(Stress  Rate,  GPa/s) 

Figure  1.  Rate  dependence  of  fiber  strength. 
Data  from  reference  tensile  test. 
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vendors  A,  B  and  C  have  been  tested  in  the  new  instrument. 
Reference  tests  on  fiber  A  were  first  made  in  the  high-speed  ten¬ 
sile  test  machine.  Figure  1  shows  the  median  fracture  strength  of 
fiber  A  for  25  specimens  at  each  rate.  Within  the  applied  range  of 
rates,  approximately  0.001  GPa/s  to  more  than  1,000  GPa/s,  the 
mean  fracture  data  (squares)  fits  well  to  a  commonly  used  3- 
parameter  equation  for  fatigue  of  glass  (curve)  which  is  used  for 
the  characterization  and  lifetime  estimation  of  optical  fibers. 

Then  a  number  of  tensile  tests  were  performed  in  the  expan¬ 
der  at  rates  ranging  from  0.35  MPa/s  to  about  170  MPa/s.  On  the 
basis  of  the  reference  test,  the  compatibility  between  the  first  well- 
known  technique  and  the  new  expander  technique  could  be  stu¬ 
died.  As  can  be  seen  in  Figure  2  below,  test  data  from  the  both 
techniques  can  be  successfully  transformed  from  strain  to  stress, 
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Log(Stress  Rate,  GPa/s) 

Figure  2.  Comparison  of  data  from  the  reference 
tensile  test  and  the  expander  test. 

so  that  they  will  coincide  at  similar  loading  rates,  within  the 
common  three  decades  used.  Data  marked  by  circles  are  expander 
data  from  tests  on  30  meter  fiber  samples.  The  remaining  data 
represent  the  median  values  from  separate  measurements  of  25 
end-loaded  specimens  of  0.5  m  length.  To  fully  understand  how  to 
unify  data  from  the  two  techniques,  a  thorough  reading  of  the  next 
chapters  is  recommended. 

Fracture  statistics  from  a  single  shot 

Strength  always  varies  along  an  opical  fiber.  Therefore,  it  will  be 
necessary  to  measure  the  strength  of  a  sufficiently  large  number  of 
fiber  specimens  to  certify  an  accurate  measure  of  the  average 
strength,  which  is  used  for  the  evaluation  of  the  fiber's  fatigue 
parameters,  n  and  B.  These  parameters  determine  e.g.  the  shape  of 
the  curves  shown  in  Figure  1  and  2,  according  to  equation  (6)  in 
the  chapter  entitled  Two-stage  fatigue. 

Usually,  a  number  of  25  specimens  will  be  sufficient  when 
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Ln(Fracture  Stress,  GPa) 

Figure  3.  Weibull  plot  of  tensile  strength 
of  175  specimens  at  different  stress  rates. 

testing  high-strength  optical  fiber  having  a  weibull  modulus  around 
60,  see  Figure  3.  In  an  expander  test,  on  the  other  hand,  a  single 
long  specimen  is  continuously  loaded  until  a  sufficient  number  of 
fractures  have  occured,  see  Figure  4  below.  The  useful  number  of 
failures  is  limited  by  the  design  of  the  expander  and  the  length  of 


Ln(Stroke,  Volt) 


Figure  4.  Weibull  plot  of  scanned  failures  in 
four  specimens  at  different  strain  rates. 

the  tested  fiber.  30  to  60  scanned  failures  are  readily  obtained  in  a 
single  shot.  This  implies  that  a  considerable  amount  of  time  can  be 
saved  by  using  the  expander. 

The  reference  test  has  shown  that  the  expander  can  deliver 
data  with  a  rate  dependence  and  weibull  modulus  which  are  com¬ 
parable  to  those  from  ordinary  end-load  tests. 

Additional  tests  presented  in  the  chapter  Extended  tests 
below,  have  certified  the  function  of  the  instrument  also  at  exten¬ 
ded  low-rate  testing.  A  quick  access  to  very  slow  tensile  tests,  and 
static  tests,  will  be  important  when  studying  low-stress  and  long- 
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time  fatigue  where  a  reliable  characterization  of  optical  fibers  is 
strived  for,  and  where  exessive  extrapolation  of  ordinary  speed 
data  may  be  detrimental  due  to  competing  fatigue  mechanisms. 

Calibration 

The  evaluation  of  raw  data  from  the  expander  tests,  and  the 
subsequent  comparison  to  data  from  ordinary  tensile  tests  will  be 
shown,  before  the  resul  ts  from  the  ultra-low-rate  tests  are  presented . 
Due  to  the  different  principles  of  loading  the  specimen  and 
sampling  the  failures,  the  entities  to  be  measured  will  depend  on 
the  technique  used. 

In  an  ordinary  tensile  test  the  fracture  load  is  measured  and 
transformed  to  mechanical  stress  (GPa)  in  which  case  the  cross 
sectional  area  of  the  fiber  is  known  and  assuming  that  the  fiber's 
coating  will  not  significantly  contribute  to  the  fracture  load.  In 
practise,  the  load  supported  by  the  coating  may  be  5%  of  the  total 
load,  and  will  hardly  influence  the  evaluation  of  the  essential 
fatigue  parameters  B  and  n. 

In  an  expander  test  the  data  may  be  readily  transformed  to 
fiber  strain  by  calibration.  By  knowing  Young’s  modulus  for  the 
fiber  glass  the  fracture  strain  can  be  substituted  by  tensile  stress  on 
the  glass.  Unfortunately,  the  ordinary/high  speed  tensile  test  data 
must  also  be  adjusted  (by  some  unknown  value  =5%)  to  level  with 
the  expander  stress  data.  However,  the  rate-dependent  strength  of 
fiber  glass  at  lower  loading  rates  does  not  depend  on  the  type  of 
load  used,  stress  or  strain.  This  allows  the  convenient  use  of  a 
simple  factor  to  unify  the  expander-  and  tensile  tests'  raw  data. 

In  Figure  2,  such  a  factor  (2.81  GPa/V)  was  used  to  adjust 
the  expander  test  data  to  nominal  stress  data  from  tensile  tests. 

Scanning  the  failure  sites 

The  breaking  sequence  of  failure  sites  when  loading  a  fiber  depend 
on  the  applied  technique.4  In  an  ordinary/high  speed  tensile  test 
separate  specimens  are  loaded  until  they  fracture.  This  implies  that 
only  the  weakest  site  in  a  specimen  will  fail,  leaving  other  parts, 
almost  as  weak,  unaffected.  According  to  the  limited  number  of 
failures,  the  cumulative  failure  probability  is  usually  written 

F=i/(N+1) 

where  N  is  the  total  number  of  failed  specimens  and  "i"  is  the 
ordinal  number  of  the  specimen,  all  specimens  being  assorted  in 
an  ascending  order  of  fracture  load. 

In  an  expander  test  there  is  only  one  specimen.  Theoretical¬ 
ly,  no  potential  failure  site  will  escape  the  load,  though  other  parts 
of  the  fiber  have  already  failed.  Thus  all  failure  sites  have  the 
potential  of  being  loaded  until  they  fracture,  making  it  possible  to 
scan  every  failure  site  in  an  ascending  order  of  strength .  In  princip¬ 
le,  there  is  no  limit  for  the  number  of  possible  failures,  which 
implies  that  the  cumulative  failure  probability  instead  must  be 
defined  as 

F=l-exp(-i) 

according  to  equation  (1)  and  (2)  in  the  next  chapter. 

It  has  been  shown,  that  the  discrete  F-data  from  an  expander 
test  of  a  fiber  with  random  space  distribution  of  truly  weibull 
distributed  failure  sites,  will  be  perfectly  aligned  to  a  straight  line 
in  a  weibull  diagram.  The  slope  of  a  line  fitted  to  F-data  from  an 
ordinary  tensile  test  will  also  be  the  same,  but  for  natural  reasons 


the  F-data  in  the  latter  case  must  deviate  from  the  line  in  a  step-like 
manner.4 

In  practice,  essentially  straight  lines  will  be  observed  when 
logarithmed  values  of  fracture  load  are  plotted  either  versus  the 
logarithm  of  "Ln(l/(1-F))"  or  versus  the  logarithm  of  "i".  This  is 
visible  in  Figure  3  and  4. 

In  order  to  compare  data  from  the  different  techniques  a 
common  entity  for  the  fracture  load  is  needed.  If  the  total  length  of 
loaded  fiber  and  the  number  of  failures  are  essentially  the  same 
when  using  the  different  techniques,  the  median  value  of  the 
fracture  loads  is  preferred.  Median  values  have  been  applied  in 
Figure  1  and  2,  based  on  a  total  number  of  25  and  39  fractures  in 
the  tensile-  and  expander  tests,  respectively. 

If  the  total  length  of  fiber  and  the  number  of  failures  depend 
significantly  on  the  applied  technique,  one  may  assume  that  the 
failure  sites  are  weibull  distributed,  and  evaluate  the  fiber's  site 
parameter,  c0,  which  must  refer  to  one  and  the  same  reference 
length  of  fiber.  The  experimentally  determined  value  of  the  shape 
parameter  m  (the  "weibull  modulus")  should  not  depend  on  the 
technique  used,  since  such  dependence  would  indicate  the  presen¬ 
ce  of  an  additional  failure  mode.  When  using  test  data  from  a  single 
technique  (expander-  or  ordinary  tensile  tests)  in  order  to  evaluate 
the  relative  rate  dependence  of  strength  ( i.e.  the  fatigue  parameter 
n)  small  attention  must  be  paid  to  the  problem  of  choosing  an 
average  entity.  Median  and  mean  values  of  strength,  as  well  as  me 
site  parameter  (when  falling  within  the  set  of  measured  data)  all 
may  be  used  with  similar  results. 

Weibull  diagrams  have  been  used  here  for  convenience 
only,  and  the  weibull  distribution  per  se  is  not  necessary  for  the 
evaluation  of  the  essential  fatigue  parameters  B  and  n  dealt  with  in 
this  paper.  However,  since  the  principle  of  applying  a  homogene 
load  along  a  breaking  fiber  probably  has  been  quite  sparsely 
discussed  in  the  past,  the  following  chapter  will  show,  how  'o 
relate  the  weibull  parameters  to  this  test  technique. 

Weibull  parameters 

By  applying  weibull  statistics*  on  the  failure  of  optical  fibers,  the 
cumulative  failure  probability  F  can  be  defined  by  the  failure  dis¬ 
tribution  Np  according  to  the  expression 

F  =  l-Exp(-NpL)  =  1-Exp(-  ...(1) 

with  c0  refering  to  a  given  length  L  being  the  total  length.  The 
value  of  the  shape  parameter  m  is  proportional  to  the  strength 
scatter,  and  the  site  parameter  o0  corresponds  to  a  hypothetic  fiber 
strength  at  the  value  of  F  where  Ln(Ln(  l/(  1  -F)))  =  0,  i  e.  where  F 
=  63%. 

During  a  tensile  test  a  certain  number  of  failures  will  occur. 
Assuminga  homogene  load  along  the  fiber,  the  failure  distribution 
Np,  up  to  and  including  the  last  failure,  will  be  scanned  completely, 
since  no  pan  of  the  fiber  may  escape  the  load.The  distribution  Np 
describes  the  number  of  failures  per  unit  length,  and  it  is  a  function 
of  the  fiber  strength  which  depends  on  the  time  history  of  the 
applied  load  o.  In  this  case,  the  distribution  can  be  written 

Np  =  i/L  ...(2) 
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where  i  denotes  the  ordinal  number  of  the  fracture  when  increasing 
the  load  c.  By  inserting  equation  (2)  into  equation  (1)  you  will  get 

Fi  =  l-Exp(-i)  =  1-ExfK-  Am)  ...(3) 
oo 

Equation  (3)  thus,  is  valid  for  the  failure-independent  loading  of 
the  entire  length  of  fiber.  F.  is  the  cumulative  failure  probability  in¬ 
cluding  failure  no  i,  that  is  the  probability  that  the  fiber  somewhere 
will  fracture  at  a  stress  load  smaller  than,  or  equal  to  <Tr  To  evaluate 
m  och  o0  the  logarithmed  values  Ln(Ln(l/(l-F,)))  are  usually 
plotted  versus  Ln(o).  Applying  this  on  equation  (3)  yields 


Ln(Ln(l/(I-R)»  =  Ln(i)  =  Ln(AA)m)  ...(4) 

LrefC0 


or Ln(i)  =  Ln(L/Lref)  - mLn(o0)  +  mLn(a) 


A  linear  curve  fit  to  data  according  to  y  =  A  +  Bx  where  y  =  Ln(i) 
and  x  =  Ln(a)  then  will  yield 


m  =  Band O0  =  Exp { Aj 


...(5) 


It  is  thus  possible  to  evaluate  the  shape-  and  the  site  parameter  with 
data  from  testing  of  fibers  using  the  expander. 

The  expressions  (4)  and  (5)  are  applicable  also  on  data  from 
tensile  test  of  end-loaded  fiber  specimens,  but  the  entity  Ln(i)  must 
then  be  substituted  by  Ln(Ln(l/(l-F)))  in  which  F=i/(N+1). 

As  it  was  previously  pointed  out,  the  expander  technique 
implies  a  considerable  saving  of  time.  However,  further  improve¬ 
ments  still  are  accessible  by  applying  an  accelerated  test  proce¬ 
dure.  This  procedure  will  now  be  explained. 

Accelerated  testing 

During  very  slow  tensile  testing  of  optical  fibers  much  time  can  be 
saved  by  beginning  the  test  at  an  elevated  load.  This  is  accomplis¬ 
hed  by  rapidly  increasing  the  load  up  to  a  certain  level,  where  the 
tensile  test  will  start.  The  procedure  is  simple,  since  all  that  is 
needed,  is  to  reduce  the  tensile  speed  when  reaching  the  proper 
load  for  continued  tensile  test  at  nominal  rate.  See  Figure  5,  where 
the  specimen  is  rapidly  preloaded  to  a  level  os  approaching  that  of 
the  estimated  fracture  load  at  slow  tensile  testing,  od. 

Sometimes  a  static  load  as  high  as  90%  of  the  nominal 
dynamic  strength  od  may  be  applied.  Shortly  after  the  static  load 
is  applied,  the  load  rate  is  adjusted  to  the  requested  value,  and  the 
tensile  test  is  continued  until  the  specimen  fails  at  the  level  a.  By 
applying  this  procedure  it  will  be  possible  to  save  90%  of  all  the 
time  required  to  make  the  specimen  failure  at  the  nominal  rate. 

However,  it  is  not  obvious  whether  the  captured  data  from 
applying  an  accelerated  procedure  are  useful.  If  certain  require¬ 
ments  on  the  duration  and  level  of  the  load  are  not  met,  the  value 
of  the  fracture  stress  after  a  preload  may  ditfer  significantly  from 
the  value  after  constant-speed  loading  from  zero  load,  i.e  an  ordi¬ 
nary  test  procedure.  An  excessive  duration  of  the  preloading  time 
is  not  allowed,  since  the  failure  stress  may  then  slightly  decrease. 
Nor  is  it  allowed  to  start  on  a  level  which  is  too  close  to  the  expected 
fracture  stress  at  nominal  loading  rate,  see  Figure  6. 

The  allowable  load  and  duration  of  the  static  preload  can  be 
calculated  in  order  to  save  time  required  for  testing.  Doing  so, 


Stress 


Figure  5.  Current  strength  and  applied  stress  at 
normal  and  accelerated  tensile  tests.  Schematic. 


significant  savings  were  made  at  expander  tests,  which  would 
havelasted  for  a  week  ore  more.  By  reducing  the  time  at  test,  the 
risk  for  disturbances  was  also  reduced  and  the  utilization  of  instru¬ 
ments  improved.* 

The  limitations  of  the  level  and  duration  of  the  loading  time 
will  be  briefly  commented  in  the  following. 


Two-stage  fatigue 

Knowing  the  fatigue  parameters,  an  accurate  value  of  the  dynamic 
(tensile)  strengh  od  of  silica  based  high-strength  singlemode  fiber 
may  be  obtained  by  iteratively  solving  the  equation 


Odn'2=  o,n'2 


qdn+1 

B(n+lXiq/dt 


...(6) 


which  is  obvious  from  the  close  fit  of  curves  to  high-stress-rate 
data  in  Figure  1, 7  and  8.  The  fatigue  of  a  fiber  with  an  inert,  or 
initial,  strength  o,  is  determined  by  the  applied  load  and  the  values 
of  the  parameters  B  and  n.  In  the  above  expression  the  applied  load 
is  assumed  to  increase  from  zero  load  with  a  constant  stress  rate 
dc/dt.  This  term,  ad,  is  what  is  measured  at  the  event  of  fracture 
when  testing  the  fiber  by  conventional  means  at  a  nominal  rate. 

Initially  applying  a  static  load  os  for  a  period  ts  will  reduce 
the  inert  strength  o,  due  to  static  fatigue  according  to  the  equation 


Onn'2=  o"‘2 


...(7) 


The  term  or,  is  the  residual  inert  strength  of  the  fiber  at  the  onset 
of  the  final,  shortened  tensile  test.  This  term  will  he  used  in  the 
readily  derived  expression  below  for  theaccelerated  tensile  strength 
o  of  preloaded  fiber,  where  a  is  assumed  to  be  measured  at  a 
constant  stress  rate  which  is  applied  after  the  static  preload.7 


On'2=(Jnn‘2  + 


Os 


n+1 


*n+l 


B(n+l)dG/dt  B(n+l)dG/dt 


...(8) 
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By  estimating  the  value  of  od  from  Eq  (6)  and  by  using  Eq  (7)  and 
(8)  to  calculate  the  value  of  c,  it  is  possible  to  study  the  influence 
of  static  preload  on  the  measured  strength  at  accelerated  tensile 
testing.  This  is  shown  for  a  typical  singlemode  fiber  in  Figure  6, 
where  the  ratio  o/o4  between  accelerated  strength  and  nominal 
tensile  strength  is  plotted  versus  the  ratio  os/od  between  static 
prestress  and  nominal  tensile  strength.  According  to  the  figure, 
practically  no  influence  on  the  failure  strength  due  to  the  accele- 


Figure  6.  Tensile  strength  after  varying  level 
and  duration  of  the  static  preload. 

rated  test  procedure  may  be  observed  when  the  ratio  between  the 
static  prestress  and  nominal  strength  is  smaller  than  0.8,  i.e.  the 
maximum  ratio  which  was  applied  at  the  lowest  rates  tested  by  ex¬ 
pander  in  this  study. 

Extended  tests 

Final  tests  were  made  on  Fiber  B  and  C,  fully  utilizing  the 
expander's  low-strain-rate  ability,  its  lower  limit  being  51 06  %/s 
or  3.5  kPa/s.  The  accelerated  test  technique  was  sucessfully 
applied  within  the  range  3.5  kPa/s  to  350  kPa/s,  reducing  the  time 
of  test  with  about  seven  days.  A  calculated  value  of  0.8  was  applied 
as  the  maximal  preloading  ratio.  Owing  to  the  unexpected  impro¬ 
vement  of  fiber  strength  below  350  kPa/s  the  real  value  turned  out 
to  be  even  smaller. 

According  to  previous  results”  from  several  optical  fibers 
tested,  including  the  fibers  A,  B  and  C  in  this  paper,  the  tensile 
strength  a4  within  the  range  1  MPa/s  to  1  TPa/s  may  be  accurately 
described  by  the  equation  (6) 

rt.n+l 

0dn'2=  o"'2  ■ - - - 

B(n+l)dO/dt 

Typical  values  of  fatigue  parameters  for  acrylate  coated  fibers  are 
o,  =  6.6-7.1  GPa,  B=  0.01-0.053  (GPa^s  and  n=  18-25  when  a 
standard  test  environment  is  employed,  50%  RH  at  23  °C. 

However,  an  unexpected  slowing  of  fiber  fatigue  at  very  low 


Log(Stress  Rate,  GPa/s) 
Figure  8.  Extended  test  of  fiber  C. 


strain  rates,  below  10-3  GPa/s,  is  observed  in  fiber  B  and  C  due  to 
Figure  7  and  8.  Careful  attention  has  been  paid  to  maintain  proper 
test  conditions,  including  preconditioning  of  the  fiber  in  the 
(standard)  test  environment  for  more  than  a  week.  Probable  errors 
caused  by  fiber  slippage,  transducer  nonlinearity  and  drift  are  very 
small  and  have  not  influenced  data  significantly.  A  high  repeat- 


international  Wire  &  Cable  Symposium  Proceedings  1990  377 


ability  of  the  expander  test  data  was  also  confirmed,  the  maximum 
deviation  being  about  1%  between  average  strength  data  for  all 
rates  in  a  repeated  test  series  on  fiber  C,  including  the  lowest  rates 
used.  For  all  known  reasons,  the  measurements  made  should  be 
considered  significant  at  all  rates  used,  and  truly  reflecting  the  pro¬ 
perties  of  fiber  B  and  C.  The  unexpectedly  high  strength  of  the 
fibers  B  and  C  observed  at  extremely  low  strain  rates  may  be 
caused  by  slow  crack  blunting  or  relaxation  of  tensile  strain  close 
to  the  fiber's  surface.  However,  a  deeper  analysis  of  the  physical 
reason  is  beyond  the  scope  of  this  paper. 

Summary 

A  technique  for  scanning  all  failure  sites  along  a  continuosly 
loaded  fiber  has  been  theoretically  analysed  and  implemented  by 
a  new  instrument.  The  function  of  the  instrument  has  been  certified 
by  a  series  of  tensile  tests  on  optical  fibers.  The  new  instrument,  the 
expander,  enables  evaluation  of  fatigue  parameters  of  optical 
fibers  at  considerably  lower  strain  rates  than  previously.  Tensile 
tests  using  the  expander  have  been  performed  at  stressing  rates 
from  175  MPa/s  down  to  3.5  kPa/s  (which  is  about  300  times 
slower  than  ordinary  tests).  The  expander  may  also  be  used  for 
static  tests  with  unlimited  endurance. 

Also,  a  general  technique  for  time-saving  tensile  testing  of 
optical  fibers  has  been  analysed.  This  accelerated-test  technique 
is  applicable  to  any  tensile  testing  machine,  and  it  is  based  on  the 
beginning  of  tensile  tests  at  a  high  load.  Under  certain  conditions 
this  procedure  will  have  no  significant  influence  on  the  measured 
fracture  strength  of  optical  fibers.  The  technique  supports  tensile 
testing  at  very  low  speed,  and  the  time  saved  may  be  used  for 
testing  an  increased  number  of  specimens,  thus  improving  the 
accuracy  of  evaluated  fatigue  parameters. 

The  first  technique  of  scanning  all  failure  sites  requires  a 
special  instrument,  but  offers  the  necessary  failure  statistics  in  a 
single  shot.  Combining  the  expander  testing  technique  and  the 
accelerated  test,  enables  vast  time  savings  during  low-rate  testing 
of  optical  fibers,  thereby  supporting  an  improved  characterization 
of  fiber  fatigue  and  a  reliable  estimation  of  fiber  lifetime.  ■ 
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DEVELOPMENT  FOR  GEOMETRY  MEASURING  METHOD  OF  OPTICAL  FIBER 
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Taihan  Electric  Wire  Co. ,  Ltd. 
Seoul,  KOREA 


ABSTRACT 


We  developed  a  *ore  accurate  measuring 
apparatus  for  geometry  of  optical  fiber  by 
■eans  of  near  field  scanning  lethod. 

This  leasuring  apparatus  controlled 
effectively  reflected  light  in  a  licroscope 
itself,  which  has  been  a  problei  recently  and 
we  disposed  of  a  weighted  loving  average 
■ethod  in  order  to  improve  measuring  errors 
caused  by  crack  of  optical  fiber  cutting  end- 
face  or  by  outside  dust  sticked  on  cutting 
end-face. 

And  when  the  boundary  of  core  and  cladding  is 
found  out,  we  maintained  repeatability  less 
than  0.05  um  on  applying  interpolation  to 
compensate  the  interval  between  pixels. 


1.  INTRODUCTION 


It  i3  known  s'veral  method  as  a  measuring  one 
of  geometry  for  optical  fiber,  but  the 
measuring  apparatus  of  geometry  for  optical 
fiber  by  means  of  near  field  scanning  method 
is  widely  used  owing  to  short  time  for 
leasuring  and  simplicity  of  its  using,  d) 

It  is  possible  to  measure  simultaneously  core 
diameter,  cladding  diameter,  non- 
circularity,  concentricity-error  of  multi  mode 
fiber  and  single  mode  fiber  by  near  field 
scanning  method  but  there  were  some  problems 
in  this  one  and  difficulty  in  case  of  high 
accuracy. 


2.  MEASURING  EQUIPMENT 


The  scheme  of  a  measuring  apparatus  is  shown 
in  Fig.  1. 

This  equipment  was  installed  on  the  vibration 
isolated  table  in  order  to  minimize  the 
vibration  and  each  light  source  was  utilized 
to  measure  a  core  and  cladding. 

The  microscope  lens  and  IR  Vidicon  were 
arranged  in  a  straight  line  and  beaw  splitter 
were  equipped  in  the  middle  to  measure 
cladding  by  means  of  reflected  light  on 
optical  fiber  end-face. 

The  light  is  entered  through  large  core  fiber 
between  beam  splitter  and  light  source  and  a 
pinhole  for  controlling  an  incident  angle  is 
installed  in  order  to  modulate  the  touching 
surface  of  light  which  is  entered  into  beam 
splitter  on  the  shooting  side  of  light  by 
large  core  fiber. 

The  side  of  beam  splitter  is  open  to  verify 
adjustment  of  angle  and  avoid  arising  of 
unnecessary  reflected  light  in  microscope  body 
and  is  intended  to  control  the  inside  angle. 

An  optical  fiber  is  layed  in  the  face  of 
microscope  lens  and  controlled  by  a  fine 
adjustment  positioner. 

The  data  of  optical  fiber  end-face  which  is 
shown  through  a  microscope  is  collected  at 
regular  intervals  and  calculated  in  a  short 
time  by  micro  computer. 
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2. 1  SHIFT  ON  BASE  LINE  OF  IMAGE 


The  base  line  of  iwage  is  shifted  Mainly  by 
the  outside  light  of  cladding  and  unnecessary 
reflected  light  by  optical  device. 

Because  the  shift  of  base  line  operates  to 
lower  S/N  ratio,  it  is  necessary  to  liniiize 
the  shift  of  base  line  for  accurate 
Measuring. 

The  test  results  for  suppression  of  reflected 
light  is  shown  in  Fig. 2. 


Fig.  1  Scheie  of  Measuring  apparatus. 


The  problew  of  Measuring  apparatus  of  near 
field  scanning  is  that  the  base  line  of  inage 
reflected  in  IR  vidicon  by  unnecessary 
reflected  light  froM  a  Microscope  itselfte) 
arising  is  easily  shifted,  and  cladding 
diaMeter  and  non-circularity  is  directly 
influenced,  if  any  dust  is  adhered  to  an 
optical  fiber  end-face  or  any  crack  exists  at 
cutting  tiMe. 


Fig. 2  Shift  of  base  line  depended  on  the 
structure  of  Measuring  apparatus. 


! 
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Fig. 3  Reflected  light  on  the  lateral  face 
of  Microscope. 


(1)  The  reflected  light  is  not  directly 
entered  into  IR  vidicon  by  inclining  the 
lateral  Microscope  body. 

The  inside  of  Microscope  is  considered  not  to 
reflect  of  light,  but  the  reflected  light 
arising  weakly  is  planned  to  spread  out  in  the 
space,  not  arriving  at  the  side  of  beaM 
splitter  like  Fig. 3  and  the  result  like  graph 
<3>in  Fig.  2  is  obtained. 

(2)  The  step  index  large  core  fiber  is  used 
to  radiate  incidence  light  used  for  Measuring 
the  cladding  end-face  of  optical  fiber,  in 
equal  density  on  all  parts  of  end-face. 

And  pinhole  is  installed  like  Fig.4  for 
controlling  out  lighting  angle  of  large  core 
fiber  in  order  to  avoid  the  reflected  light  by 
any  light  which  exists  in  the  edge  of 
objective  lens. 
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Fin. 4  Suppresion  of  reflected  light  by 
leans  of  incident  angle  liiit. 


Fig. 5  Appliance  of  interpolation  on  the 
boundary. 


2.2  BOUNDARY  DETERMINATION  OF  CORE  AND 
CLADDING 


It  is  possible  to  determine  the  boundary  of 
core  and  cladding  by  leans  of  k-factor 
established. 

The  data  interval  is  determined  by  the 
■agnif ication  of  ilcroscope  and  vidlcon  since 
the  resolution  of  IR  vidicon  is  arranged  as 
1024  by  1024  pixel. Consequently,  there  is  a 
regular  interval  between  pixels  and  the 
position  of  pixel  is  not  to  the  one  of  k- 
factor,  and  this  is  compensated  by  the 
interpolation. 

If  each  saipllng  pixel  is  like  Fig. 5,  the 
necessary  length  for  this  compensation  is 
defined  as; 


<  X(i-l)  -  Thcl  >  x  A 


X(i)  :  i-th  sampling  data 
Thcl  ;  Threshold  level  of  cladding  boundary 
<t  :  Interval  between  each  pixel 


2.3  DEFECT  ON  CLADDING  BOUNDARY 


Even  though  a  cut  diamond  blade  is  used  for 
cutting  optical  fiber,  defect  can  be  arisen  at 
a  touching  part  of  the  blade  of  a  knife  and 
dust  is  adhered  on  the  cutting  end-face. 

So,  this  fact  should  make  a  measuring  error. 

It  is  necessary  to  compensate  the  defect  part 
in  a  calculating  algorithm  in  order  to  avoid 
these  errors. 

The  data  of  this  part  can  be  eliminated 
because  the  data  of  part  having  a  crack  on 
cutting  is  much  more  small  than  the  one  of 
radius. 

When  non-circularity  of  core  and  cladding  is 
calculated  from  a  60  radius  data  obtained  at 
each  end-face,  the  noise  element  contained  in 
a  measuring  apparatus  itself  influences  the 
data  which  we  want  to  obtain. 

So,  the  radius  data  is  defined  like  Eg.  2  by 
weighted  moving  average  method  as; 


Bn  =  {(Dn.3xi.49)  +  (D^x8.23)  +  (Dn.|x23.51)  + 

(Dn  x33. 28)  +  (Dm,  x23. 5 1)  +  (D*«x8. 23) * 
(Dmjxl.  49) )  /  99.74  (2) 
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The  graph  of  cladding  radius  after  and  before 
using  a  weighted  *oving  average  Method  is 
shown  Fig. 6. 


Fig.  6  Graph  of  cladding  radius  after  and 
before  using  a  weighted  Moving 
average  Method 


2.4  MEASURING  RESULT 


Single  Mode  fiber  was  repeatedly  tested  for 
testing  repeatability  of  a  Measuring 
apparatus. 

The  standard  deviation  (1  sigMa)  of  repeatedly 
Measured  data  for  each  iteM  is  suMMarized  like 
table  1. 


Tested  iteM 

Unit 

S.D  (Id) 

Cladding  dlaMeter 

UM 

0.0454 

Cladding 

non-circularity 

% 

0.  0223 

Concentricity  error 

UM 

0. 0301 

Table. 1  Repeatability  of  single  *ode  fiber 


Repeatedly  Measured  data  in  table  1  results 
froM  repeated  test  for  sawe  fiber  re-cutted 
and  Maintains  repeatability  less  than  0.05 

UM. 


3.  CONCLUSION 


We  developed  a  More  accurate  apparatus  for 
Measuring  the  geoMetry  of  optical  fiber. 

It  is  iMproved  the  Mechanical  of  Microscope  to 
suppress  the  reflected  light  and  data 
processing  algorithM  to  coMpensate  a  Measured 
data. 

So  we  got  a  stable  characteristics  of  all 
Measuring  test  results  which  can  be  Maintained 
less  than  0. 05um  data  deviation. 
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Abstract 

The  advantages  of  the  dual  layer  tube  are 
great,  such  as  much  better  kink  resist¬ 
ance,  preventing  the  fiber  from  being 
"caught"  and  free  from  "score"  and  "snap" 
etc. 

In  this  paper,  two  processing  methods  of 
duai  layer  buffer  tube  have  been  intro¬ 
duced  and  their  physical  and  mechanical 
properties  have  been  compared.  It  is 
clear  that  coextrusion  for  the  inner  and 
outer  tubes  is  a  better  method. 


1.  Introduction 

Although  the  dual  layer  buffer  tube 
around  the  optical  fiber  has  represented 
optimal  protection  for  a  long  time,  the 
the  different  two  processing  methods, 
coextrusion  and  two-step  production,  are 
less  mentioned.  For  the  dual  layer  buffer 
tubes  made  by  the  two  methods,  the  outer 
and  inner  layers  should  have  some  compar¬ 
able  physical  and  mechanical  properties 
to  ensure  the  good  capacity  of  processing 
and  compatibility. 


2.  Materials 

Polybutylene  terephthaiate  (PBT)  and 
polyamide  12  are  used  in  the  outer  and 
inner  layers  of  the  buffer  tube. 


PBT  polymers  are  semicrystalline  thermo¬ 
plastic  resins  with  a  very  sharp  melting 
point  at  433T  They  exhibit  good  tensile 
strength,  toughness,  and  low  moisture 
absorption,  resulting  in  excellent 
dimensional  stability  (see  Table  1).  The 
smooth,  hard  resin  surface  results  in  low 
static  and  dynamic  coefficients  of 
friction.  With  high  flexural  modulus 
property,  PBT  polymers  are  beneficially 
used  in  outer  layer  of  buffer  tubes. 


Table  1  =  Soae  Mechanical,  and  Physical 


Propert i es 

of  PBT  Pol 

1  yaers ( 1 .2.3) 

Property 

Un  i  t 

Value  of  property 

Melting  point 

•F 

433 

Heat  deflection 
tespera ture 

•F 

130  t  264  psi 

Tens, le  strength 

ps  i 

7.5-8.5*10* 

Moisture  absorp.ion 

X 

<  0.4 

ItPBct (notch) 

ftlb/in* 

0.7~  1.0 

Flexural  aodulus 

ps  i 

3.4-  15*10* 

Flexural  strength 

psi 

12*10* 

Dielectric  strength 

V/«il 

400~  500 

Dielectric  constant 

3.1- —  3.8(1  kHz) 

Voluae  resistivity 

ohi-ca 

10'  * 

Dissipation  factor 

0.002(1  kHz) 

The  polyamides,  or  nylon,  were  the  first 
materials  to  be  recognized  as  engineering 
thermoplastics,  owing  to  their  superior 
mechanical  properties,  especially  when 
exposed  to  elevated  temperatures  or 
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solvents.  All  nylons  absorb  moisture  to  a 
greater  or  lesser  extent  (see  figure  1). 
The  different  types  of  polyamides  absorb 
moisture  at  different  rates  and  retain 
various  amounts  of  moisture  depending  on 
their  chemical  composition.  The  concentr¬ 
ation  of  amide  groups  in  a  nylon  polymer 
affects  the  water  absorption  of  nylon 
most,  since  water  associates  with  the 
amide  groups  in  the  amorphous  areas  [4]. 
The  water  absorption  of  polyamides  then 
varies  with  the  amide  content  of  the 
polyamide,  as  shown  in  Table  2.  Moisture 
affects  most  properties  of  the  poly¬ 
amides.  For  nylons  66  and  6  especially, 
the  flexural  modulus  changes  are  appreci¬ 
able  and  predictable  as  seen  in  the 
Figure  2.  Compared  with  other  nylons, 
the  water  absorption  of  polyamide  12  is 
lowest.  Meanwhile,  polyamide  12  has  the 
same  good  mechanical  and  physical 
properties  (see  Table  3). 


3.  Processing  methods 

Two  Different  processing  methods, 
coextrusion  and  two-step  production,  for 
producing  dual  layer  buffer  tubes  are 


moisture  content .% 


Figure  1  :  Moisture  absorption  of  various 
nylons  as  a  function  of  environment 


TABLE  2  : 

Moisture  Absorption  of 
Poly8iidesl5,6) 

Soie 

Polyaaide 

H,0  Absorpt ion . 24hr 
(ASTH  D570) 

X  Aiide 

Nylon  66 

1.0-1. 3 

38 

Nylon  6 

1.3-1. 9 

38 

Nylon  69 

0.5 

32 

Nylon  612 

0.4 

28 

Nylon  12 

0.25-0.3 

22 

flexural  modulus,  psi 


Figure  2  :  Effect  of  moisture  on  flexural 
modulus 


Table  3  :  Soae  Mechanical  and  Physical 
Properties  of  Polyaaide  12 


Property 

Unit 

Value  of  property 

Melting  point 

•c 

179 

Heat  deflection 
teaperatures 

'C 

145  6  55  psj 

Tensile  strength 

ps  i 

8.5*10* 

Break  e 1 onga t ion 

X 

300 

Urtictlir'o  iKe/irnt  inn 

t 

0 . 2  5  0 . 2 

Upset  (notch ) 

f  t lb/  i  n 

2. 0-5. 5 

Hardness 

rockwe  1  1 

105 

Flexural  aodulus 

kps  i 

165 
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introduced  as  follows: 

The  outer  and  inner  layers  of  buffer 
tubes  can  be  manufactured  simultaneously 
by  coextrusion  in  one  production  step. 
A  typical  coextrusion  line  for  manufactu¬ 
ring  dual  layer  buffer  tube  is  shown  in 
Figure  3.  The  primary  extruder  is  put  in 
horizontal  line,  used  for  producing  the 
inner  layer  and  the  secondary  extruder  is 
put  in  vertical  line,  used  for  producing 
the  outer  layer.  PBT  and  polyamide  12  { 
for  the  outer  and  inner  layers  )  were 
extruded  simultaneously  at  a  crosshead 
die  through  the  two  different  extruders. 
The  traditional  process  for  manufacturing 
dual  layer  buffer  tube  is  by  a  two-step 
production.  In  this  process  of  two-step 
production,  the  inner  buffer  tube  was 
extruded  with  polyamide  12  completely 
first,  and  then,  put  on  the  outer  layer 
around  the  first  inner  tube  with  PBT  from 
another  extruder. 


4.  Processing  considerations 

PBT  has  a  low  melt  viscosity  at  normal 
processing  temperatures  (450-500T).  It 
should  be  dried  prior  to  molding  (2-4 
hours  0  250T  )  t.o  provide  parts  with  the 
optimum  performance.  Temperatures  above 
520T  should  be  avoided  to  minimize  the 
the  loss  of  desired  properties. 


Nylon  12  has  a  broad  range  of  processing 
temperatures  (400-500°F).  Due  to  moisture 
absorption,  it  should  be  dried  prior  to 
molding  in  a  clean  air-circulating  oven 
or  in  a  specially  designed  dryer  using 
desiccant.  Excessive  heat  should  be 
avoided  during  drying  because  of  the 
danger  of  oxidation  degradation.  Safe 
temperatures  are  generally  below  175T  . 


5.  Comparison  between  the  two  processes 

There  are  some  different  encounters 

between  the  two  processes: 

(1)  Coextrusion  is  more  convenient  and 
economical  than  the  process  of  two- 
step  production. 

(2)  By  coextrusion,  the  inner  tube  can  b“ 
free  from  water  when  cooled  with 
water. 

(3)  From  the  process  of  two-step 
production,  the  inner  tube  must  be 
rolled  up  in  a  rotary  machine.  When 
the  first  step  is  completed,  it  is 
paid  off  for  producing  the  outer 
layer. 


OI-'LHATbinS  CONTROL 


Figure  3  :  A  typical  coextrusion  line 
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6.  Stripping  strength 

The  method  for  measuring  the  stripping 
strength  of  the  dual  layer  buffer  tubes 
manufactured  from  the  above  two  different 
processes  is  described  as  follows: 

Sample  preparation 

The  type  and  dimension  of  test  specimens 
are  shown  in  figure  4.  Five  specimens 
were  used  for  each  dual  layer  buffer 
tube. 


Figure  4  :  The  type  and  dimension  of  test 
specimen  for  stripping  strenyth 

|  ^ -  100mm - >  | 

1.5mmx~  — ;  ?!omm 

-  -  -  -  _ 

->  |  25mm  |  <- 


Characterization 

The  stripping  strength  of  all  samples 
were  studied  by  using  a  Instron  universal 
testing  instrument  Model  1122.  The  data 
was  measured  as  follows: 

(1)  9.8  kg  (  from  coextrusion  ) 

(2)  4.2  kg  (  from  two-step  production  ) 

Obviously,  the  stripping  strength  of  the 
dual  layer  buffer  tubes  made  from  coextr¬ 
usion  is  the  greater  one. 

7.  Tensile  strength  and  eiogation 

The  method  for  measuring  the  tensile 
strength  and  eiogation  of  the  double 
buffer  tubes  is  accordance  with  the  spec¬ 
ification  of  ASTM.  The  data  was  measured 
as  follows: 


A.  Tensile  strength 

(1)  25.8  kg  (  from  coextrusion  ) 

(2)  23.5  kg  (  from  two-step  production) 

B.  Eiogation 

(1)  290  X  (  from  coextrusion  ) 

(2)  300  X  (  from  two-step  production) 

Differences  in  tensile  strength  and 
eiogation  between  the  two  kinds  of  dual 
layer  buffer  tubes  manufactured  by 
different  processing  methods  is  slight. 


8.  Discussion 

(1)  By  the  process  of  two-step  production 
the  inner  buffer  tube  should  be 
extruded  completely  first.  The  piping 
-hot  inner  tube  must  be  immersed 
immediately  in  water  for  cooling. 
From  the  method  of  coextrusion,  the 
inner  tube  can  be  free  from  water. 
It  is  very  important  for  the  higher 
moisture  absorption  polymers  of 
polyamides  to  be  free  from  water. 
Moisture  absorption  from  the  atmosp¬ 
here  begins  immediately  after  molding 
and  proceeds  until  the  mosture  in  the 
piece  is  at  equilibrium  with  the 
moisture  in  the  environment. 

(2)  From  the  method  of  two-step 
production,  the  inner  tube  could  have 
the  higher  possibility  of  being 
scored  due  to  the  first  step,  being 
rolled  up  and  paid  off. 

(3)  The  advantages  of  the  layer  design 
from  a  mechanical  strength  and  fiber 
protection  standpoint  is  :  A.  Much 
better  kink  resistance  while  at  the 
same  time  maintaining  flexibility  of 
the  buffer  tubes  than  is  possible 
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with  a  single  layer.  B.  The  inner 
layer  (Nylon  12)  has  a  much  smoother 
surface  than  polyester,  thereby 
preventing  the  fiber  from  being 
"caught"  on  the  Inside  surface  of  the 
tube  either  during  manufacturing  or 
during  installation.  C.  Enables 
stripping  of  the  buffer  tubes  so  that 
the  chance  of  damaging  a  fiber  is 
negligible  (  score  and  snap  ).  Single 
layer  buffer  tubes  do  not  offer  this 
type  of  stripping. 

(4)  Owing  to  the  difference  of  processing 
methods,  the  stripping  strength  of 
the  dual  layer  buffer  tubes  made  from 
coextrusion  is  the  greater  one.  The 
buffer  tubes  with  a  higher  stripping 
strength  could  not  see  any  strain  of 
consequence  during  installation. 


9.  Conclusion 

Two  different  processing  methods  are  used 
for  producing  dual  layer  buffer  tubes. 
The  process  of  coextruslon  is  an 
economical  and  suitable  method  for 
manufacturing  dual  layer  tubes  in  one 
production  step. 
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Long-Term  Stability  of  Organic  Materials  in  Optical  Fiber  Cable 
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Abstract 

A  newly  established  procedure 
which  selects  supported  Pd/Al203 
catalyst  as  hydrogen  absorbent  is 
adopted  to  evaluate  hydrogen  evolution 
from  thermal  degradation  of  organic 
cable  materials  such  as  fiber  coating 
materials,  water-proof  filling  com¬ 
pounds,  jacket,  sheath,  central  member, 
etc.  in  the  range  of  50  to  100°C.  From 
the  experimental  result,  a  mathematical 
model  has  been  developed  to  predict  the 
hydrogen  concentration  generated  by  the 
organic  cable  materials.  According  to 
the  Arrhenius  plots  of  initial  rates  of 
hydrogen  evolution,  the  activation 
energies  of  hydrogen  evolution  from  or¬ 
ganic  cable  materials  were  in  the  range 
from  6  to  16  kcal/mole  variable  with  or¬ 
ganic  cable  materials.  Correlation  be¬ 
tween  aging  temperature  and  the  time  to 
reach  maximum  hydrogen  amounts  was  ob¬ 
tained  and  the  ambient  temperature 
saturation  time  could  be  predicted  from 
the  high  temperature  accelerated  aging 
test. 

Introduction 

It  has  been  long  recognized  that 
hydrogen  evolved  from  organic  materials 
inside  optical  fiber  cables  will 
gradually  contaminate  the  optical 
f ibers( 1 , 2 , 3 , 4 , 5 , 6 , 7 ) .  The  cumulation 
of  hydrogen  within  the  cable  eventually 
cause  a  significant  loss  of  transmission 
due  to  the  pronounced  absorption  by  H2 
or/and  -OH  at  near  infrared 
region . ( 8 , 9 , 10 )  To  understand  whether 
materials  are  suitable  for  cables  when 
the  long  term  stability  are  the  subject 
to  consideration,  evaluations  of  their 
hydrogen  evolutions  are  essential.  Pre¬ 
viously,  we  have  reported  a  newly 


developed  method  to  analyze  hydrogen 
evolution  by  using  Pd/Al203  catalyst  as 
hydrogen  adsorbents .( 1 1 )  Due  to  the 

high  efficiency  of  H2 -adsorbing  and 
-desorbing  on  the  surface  and  bulk  of 
Palladium,  trace  of  hydrogen  generated 
from  cable  materials  can  be  quantified 
continuously  without  any  escaping  of 
hydrogen  from  sample  containers  during 
aging  and  sampling  processes  on  GC 
analyfis.  The  high  sensitivity  has  al¬ 
lowed  us  to  detect  1.4  --  3.3  times  more 
of  hydrogens  than  those  by  headspace 
vials  or  glass  tube  methods. In  addi¬ 
tion, continuous  monitoring  of  hydrogen 
generation  offers  the  advantage  of  near- 
real-time  measurement  of  samples  at 
various  aging  temperatures  with  minimum 
sample  perturbation.  The  significant 
difference  of  results  between  this 
method  and  conventual  methods  has 
promoted  us  to  reexamine  the  hydrogen 
evolution  phenomena  of  optical  cable- 
used  organic  compounds.  Especially,  the 
aging-time-related  hydrogen  generations 
at  various  temperatures.  A  mathematical 
model  to  estimate  the  hydrogen  evolution 
from  organic  cable  materials  has  been 
established  and  activation  energies  of 
hydrogen  evolutions  from  cable  materials 
are  obtained.  The  aging  results  are 
also  coalesced  to  an  accelerated  test  at 
elevated  temperature  to  exariine  the 
feasibility  of  using  established  model 
to  predict  the  aging  related  hydrogen 
evolution  from  cable-used  organic 
materials  since  the  long  term  stability 
is  a  major  concern  for  the  materials 
used  in  optical  fibers. 

Experimental 

Method  of  hydrogen  generation  analysis 

Figure  1  is  the  schematic  diagram 
showing  the  apparatus  used  in  the 
hydrogen  evolution  measurement  for  opti¬ 
cal  cable  materials.  The  catalyst  was 
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pretreated  by  flushing  with  a 
hydrogen/argon  flow  followed  by  the 
desorption  procedure  at  400°C.  After 
the  pretreatment,  a  pure  argon  was  then 
switched  into  the  sample  compartment  to 
carry  the  evolved  hydrogen  from  aging 
sample  to  the  catalyst  for  adsorption. 
At  the  end  of  aging,  the  temperature  on 
the  catalyst  reactor  was  raised  to  400° .C 
at  a  rate  of  10° /min.  In  the  meantime, 
the  time  profiles  of  hydrogen  desorption 
from  the  catalyst  and  the  temperature  of 
the  reactor  were  measured  simultaneously 
by  a  TCD-GC  and  a  thermocouple  respec¬ 
tively. 

Materials 

Jelly-filled  and  pressurized  opti¬ 
cal  cables  are  used  as  obtained.  Opti¬ 
cal  cables  contained  organic  materials 
such  as  fiber  coatings,  water-proof 
filling  compounds, wrapper  materials  are 
aged  at  50°,  70°,  and  100° C  and  analyzed 
using  catalyst  adsorption  method. 


hydrogen  adsorption  system. 


A:  pressure  gauge  E:  T.C.D. 

B:  needle  valve  F;  jnjecter 
C:  flow  meter 

D:  mixing  chamber2'  furance 
H:  quartz  reactor(contain  sample) 

I:  quartz  reactor  (contain  Si02  ) 

J:  temperature  controller 
K:  recorder 

L:  quartz  reactor(contain  catalyst) 


Results  and  discussion 

Figure  2  to  figure  4  show  time- 
dependent  cumulations  of  hydrogen 
evolved  from  optical  cable  materials 
aged  at  50®,  70»  ,  and  100°C.  The  weight 
of  each  sample  used  in  the  measurement 
was  ca.  0.5  g.  In  these  figures,  the 
hydrogen  generated  progressively  as  the 
aging  time  continued.  The  generation 
eventually  reached  a  saturation  after 
certain  time  of  ageing.  For  the  same 
sample  aged  at  different  temperatures 

(50°,  70°, and  100°),  the  amounts  of 

hydrogen  generation  at  saturation  points 
were  found  to  be  the  same,  yet  the  times 
to  reach  the  saturation  were  different. 
This  implies  that  the  total  hydrogens 

related  to  the  degradation  involved 

hydrogen  evolutions  are  limited.  Assum¬ 
ing  hydrogens  were  generated  through  the 
thermal  activation  process,  the  total 
amounts  of  hydrogen  (H,  ul/g)  evolved 
from  optical  cable  materials  can  be 
modeled  as  following  by  using  Arrhenius 
formula: 

H  (ul/g)  =  A*exp(-E/RT)*tx  - (1) 

Where  A  is  a  proportional  constant,  E  is 
the  activation  energy  for  hydrogen  gen¬ 
eration,  R  is  the  gas  constant  equal  to 
1.987  cal/(mole  k  )  ,  T  is  the  aged  tem¬ 
perature,  t  is  the  ageing  time,  and  x  is 
the  time  constant. 

Flg.2  Temperature  Dependence  of  H2 
Evolution  from  Acrylate 
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Flg.3  Temperature  Dependence  of  H2 
Evolution  from  Silicone  Coating 


Time  (hour*) 

— wftin  -*-t <ft>nm 

Fig.4  Temperature  Dependence  of  H2 
Evolution  from  Polyisobutene 


The  hydrogen  generations  in  Figure 
2  to  4  also  exhibit  a  monotonical ly  in¬ 
creasing  complied  with  the  »ging  time. 
The  hydrogen  evolution  curves  at  various 
aging  temperatures  ran  be  fitted  into 
straight  lines  with  the  same  slope  for 
the  same  sample  at  points  before  reach¬ 
ing  the  maximum  evolution.  The  values 


of  these  slopes  are  0.45  to  0.60  depend¬ 
ing  on  which  optical  cable  materials 
were  tested.  Figure  5  shows  the  Ar¬ 
rhenius  plot  on  the  initial  rate  of 
hydrogen  evolution  (  ln(H/t*)  vs.  1/T  ). 
Typically,  the  Thixotropic  jelly  A  has  a 
calculated  activation  energy  for 
hydrogen  evolution  of  6.0  Kcal/mole. 
Table  1  summarized  the  results  of  time 
constants  x  and  activation  energies  for 
optical  cable  materials. 


Table  1  Activation  Energy  and  Tine  Constant  of 
Optical  Fiber  Cable  Materials 


Material 

Activation  Energy 

Time  Constant 

Fiber  A 

12.4  kcal/mole 

0.51 

Fiber  B 

7.4  kcal/mole 

0.46 

Fiber  C 

16.0  kcal/mole 

0.53 

Mylar 

13.0  kcal/mole 

0.43 

Kevlar 

10.0  kcal/mole 

0.45 

Polyisobutene 

8.0  kcal/mole 

0.45 

Thixotropic  A' 

6.0  kcal/mole 

0.50 

Thixotropic  B‘ 

6.0  kcal/mole 

0.54 

Thixotropic  C' 

12.0  kcal/mole 

0.50 

Silicone’ 

7.0  kcal/mole 

0.49 

Desolite3 

15.0  kcal/mole 

0.46 

Acrylate4 

12.0  kcal/mole 

0.57 

1:  Buffer  tube  filling  compound 
2 ■  Thermal  curing  primary  coating  material 
3:  Trade  name  (primary  coating) 

4=  U.V.  curing  primary  coatii.g  material 

It  is  also  important  to  know 
whether  the  accelerating  aging  at  high 
temperatures  (for  example  at  100°C)  is 
meaningful  in  predicting  the  aging  be¬ 
havior  by  using  above  model  for  cable 
materials.  The  data  were  reexamined  to 
compare  to  the  calculating  results  ac¬ 
cording  to  equation  1.  Taking  the  time 
where  the  hydrogen  generation  reaches 
the  maximum,  we  can  obtain  following 
relations: 

Himax  (ul/g)  =  A*exp( -E/RTi )*tix 

Il2max  (ul/g)  =  A*exp( -E/RT2 )*t2x 
Since  the  same  material  has  the  same 
maximum  of  hydrogen  generation  at  dif¬ 
ferent  temperatures,  Himax  (ul/g)  is 
equal  to  H2 max  (ul/g),  and 
(t2/ti)«  =  expf(E/R)((Tt-T2  )/TlT2  )]  — (2) 
Equation  2  shows  the  relation  between 
aging  temperatures  and  times  to  reach 
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the  maximum  of  hydrogen  generation.  We 
can  use  this  equation  to  predict  the 
times  to  reach  maximum  hydrogen  gener¬ 
ation  at  ambient  temperatures  from  a 
high  temperature  accelerated  aging  test. 
The  errors  between  caiculated  results 
and  actual  experimental  results  are 
within  10%. 


Fifl.5  Arrhenius  Plot  of  HaEvolution 
Rate  from  Thixotropic  A 


1000/T  (deo'1) 

Conclusion 

1.  the  hydrogen  evolution  from  op¬ 
tical  fiber  cable  materials  can  be 
precisely  analyzed  by  using  Pd/Ala03  as 
hydrogen  adsorbents,  and  the  amounts  of 
hydrogen  generation  can  be  expressed  as: 

H  (ul/g)  =  A*exp( -E/RT )*tx 

2.  The  time  constant  "x"  is  in  the 
range  of  0.45  to  0.60,  and  the  activa¬ 
tion  energy  for  hydrogen  generation  from 
optical  cable  materials  is  in  the  range 
of  6  to  12  Kcal/mole. 

3.  The  correlation  between  aging 
temperatures  and  the  times  to  reach  the 
maximum  amounts  of  hydrogen  evolution 
was  established,  and  the  maximum 
hydrogen  generation  can  be  predicted 
with  precision  by  a  simple  accelerated 
aging  test. 
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STUDY,  EVALUATION  AND  MANUFACTURING  TESTS  OF  DIFFERENT  PBT's 
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Susana  CAMARA 


ALCATEL  STANDARD  ELECTRICA,  S.A. 
Maliafio,  Cantabria.  Spain 


ABSTRACT 

The  gradual  development  and  expansion 
of  the  O.F.  systems  is  branching  out 
to  different  fields  in  the  communication 
sector. 

Owing  to  the  enormous  evolution  of  optical 
fibers,  the  necessity  of  specific  ma¬ 
terials  meeting  special  requirements 
is  greater  every  day.  We  can  mention 
cables  for  different  applications,  for 
instance,  cables  exposed  to  very  high 
levels  of  mechanical  interferences  or 
adverse  environmental  conditions. 

Moreover  the  common  objective  is  to 
achieve  better  productivity  which  involves 
a  saving  of  costs  in  process  and  labor. 

In  this  paper,  we  present  different 
polybutylene  terephthalates  (PBT)  with 
their  performance,  characteristics, 
processability  and  final  conditions 
of  the  cable  manufactured. 


INTRODUCTION 


For  use  in  the  telephone  cable  industry, 
we  have  chosen  four  different  materials 
from  the  Plastic  World  Market  that  showed 
"a  priori"  great  posibilities  to  be 
used  as  secondary  coating  of  singlemode 
and  multimode  optical  fiber  cables. 

The  manufacturing  of  the  cables  studies 
was  carried  out  in  a  specific  extrusion 
line  using  loose  tube  technology  and 
stranding  over  a  central  strength  member. 

The  paper  describes  the  properties  of 
the  raw  materials,  the  processability 
and  a  comparative  study  of  the  manufac¬ 
tured  loos®  tubes  in  the  following  tests: 
mechanical  properties  before  and  after 
thermal  ageing,  physical  and  chemical 
properties,  compatibilities  with  filling 
compounds  and  transmission  parameters. 

We  have  manufactured  a  16  optical  fiber 
cable  in  eight  loose  tubes  (two  samples 


of  each  evaluated  PBT)  stranded  over 
a  pultruded  fiber  reinforced  rod  and 
sheathed  with  a  polyethylene-aramid 
yarns-polyethylene  jacket. 


We  also  indicate  the  attenuation  changes 
at  1300  and  1550  nm,  obtained  during 
a  temperature  cycle  from  -20OC  to  60QC, 
as  well  as  the  ageing  tests  of  this 
cable. 


We  consider  the  results  obtained  of 
the  materials  used,  their  performance 
and  the  final  product  achieved,  in  order 
to  choose  the  suitable  PBT  for  the  dif¬ 
ferent  technical  requirements  of  the 
cable. 


The  four  PBT's  will  be  called  materials 
A,  B,  C  and  D  throught  this  paper. 


RAW  MATERIALS  PROPERTIES 


First  a  comparative  study  was  made  of 
the  four  PBT's  as  raw  materials,  that 
is  to  say,  their  mechanical,  thermal 
and  physical  properties  were  determined. 
In  tables  I,  II  and  III  below,  the  evalu¬ 
ations  carried  out,  the  results  obtained 
and  the  international  norms  according 
to  which  each  test  was  made,  are  shown. 

Likewise,  the  compatibility  of  these 
polyesters,  with  two  types  of  filling 
compounds,  was  studied.  The  two  types 
used  were  polyisobutylene  and  paraffinic 
compounds  which  are  the  kind  generally 
used  as  filling  for  O.F.  cables.  To 
carry  out  tnese  experiments  test  pieces 
consisting  of  empty  tubes  of  the  four 
PBT's,  250  mm  lonq,  were  subjected  to 
an  accelerated  ageing  immersed  in  the 
filling  compound  for  7  days  at  70°C. 
After  this  period  of  ageing  the  mechanical 
properties  (tensile  strength  and  elon¬ 
gation)  and  their  variation  were  studied. 

The  results  are  shown  in  Table  III  below. 
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TABLE  I 


TABLE  III 


MECHANICAL  PROPERTIES 


TENSILE 

VALUES  OBTAINED 

STREN6TH 

EL0NG. 

I  VARIAT. 

PROPERTY 

TEST  NETHOO 

UNIT 

A 

B 

C 

D 

<N/»2) 

(*) 

T.S. 

EL0M6. 

Tensile  strength  at 

break 

DIN  53455 

N/nm2 

35 

35 

40 

30 

Before  ageing 

35 

240 

COMPOUND  A 

Filling  compound 

1 

-9.8 

+2.3 

Filling  compound 

2 

-9.6 

+8.3 

Elongation  at  break 

DIN  53455 

* 

240 

220 

210 

260 

Before  ageing 

35 

220 

Modulus  of  elastic¬ 

COMPOUND  B 

Filling  compound 

1 

-  9.5 

+5.0 

ity  (tensile  test) 

DIN  53457 

N/mm2 

2450 

2000 

2400 

2250 

Filling  compound 

2 

-10.1 

+7.9 

Modulus  of  elastic¬ 

Before  ageing 

40 

210 

ity  (flexural  test) 

DIN  53457 

N/rnn2 

2500 

2200 

2200 

2200 

COMPOUND  C 

Filling  compound 

I 

-5.7 

+5.9 

Filling  compound 

2 

CO 

f-. 

+9.0 

Stress  at  3.5  l 

strain 

OIN  53452 

N/mm2 

65 

60 

70 

75 

Before  jgeing 

30 

260 

COMPOUND  D 

Filling  compound 

1 

-3.7 

+6.6 

Filling  compound 

2 

t 

00 

CO 

+9.0 

Impact  strength. 

NO 

NO 

NO 

NO 

23»C 

DIN  53453 

KJ/m2 

BREAK  BREAK  BREAK  BREAK 

Notched  impact 

NO 

NO 

EXTRUSION  PROCESS 

strength,  238C 

DIN  53453 

KJ/m2 

3.4 

BREAK  BREAK 

3 

After  the  studies  carried  out  in  the 
laboratory,  the  four  polyesters  were 
extruded.  Loose  tubes  were  made  using 
the  extruder  with  a  30  mm  screw,  4  heating 
zones  and  with  a  1:2.75  compression 
™BLE  ii  ratio.  (Figures  1  and  2). 


PHYSICAL  AND  THERMAL  PROPERTIES 


VALUES  OBTAINED 


PROPERTY 

TEST  METHOD 

UNIT 

A 

B 

C 

D 

Density,  238C 

DIN  53479 

g/cm3 

1.31 

1.31 

1.31 

1.32 

Melting  flow  index 
2500C/2.16  kg 

DIN  53735  g/10  min 

13 

11 

11 

14 

Coefficient  of  lin¬ 
ear  expansion,  -308 
to  +708C 

OIN  53752-A 

10-4R-1 

0.7 

0.7 

0.5 

0.7 

Vicat  softening 
part 

DIN  53460 

8C 

185 

180 

175 

180 

Linear  mould  shrin¬ 
kage  (flow  direc¬ 
tion) 

- 

l 

2.0 

2.0 

2.1 

1.8 

Oxygen  index 

AS1M  0-2863 

i 

23 

24 

24 

23 

FIGURE  1 
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MATERIAL  B: 


FIGURE  2 

As  far  as  temperatures  and  extruder 
tools  are  concerned,  we  trial  to  find 
the  ideal  ones  for  each  of  the  PBT's. 

There  were  some  variations  in  how  each 
material  was  worked  and  in  the  results 
obtained. 

A  description  of  the  way  each  material 
was  worked  and  the  results  achieved 
are  shown  below. 

MATERIAL  A: 

-  Drying  of  pellets:  in  a  drying  oven: 

9020 

12  hours 

-  Loose  tube  dimensions: 

Inner  diameter  1.2  mm 
Outer  diameter  2.0  mm 

-  Temperature  profile:  Hopper  to  nozzle  °C 

200/221/230/235/245/250 
Die:  280OC 

Melt:  280OC 

-  Output:  90  m/nirn. 

Screw  Speed:  55  rpm 

-  Filling  compound:  'Injection  pressing 
2  bar 


Drying  of  pellets:  in  a  drying  oven: 
100OC 
24  hours 
Loose  tube  dimensions: 

Inner  diameter  1.2  mm 
Outer  diameter  2.0  mm 
Temperature  profile:  Hopper  to  nozzle 

ac 

220/230/235/235/245/250 
Die:  280»C 

-  Output:  90  m/min 

Screw  Speed:  57  rpm 

Filling  compound:  Injection  pressing 
2  bar 

MATERIAL  C: 

-  Drying  of  pellets:  in  a  drying  oven: 

100QC 
24  hours 
Loose  tube  dimensions: 

Inner  diameter  1.2  mm 
Outer  diameter  2.0  mm 

-  Temperature  profile:  Hopper  to  nozzle 

220/235/245/250/255/255 
Die:  2850C 
Output:  90  m/min 

Screw  Speed:  62  rpm 

MATERIAL  D: 

Drying  of  pellets:  in  a  drying  oven: 

120ac 

4  hours 
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r  Loose  tube  dimensions: 

Inner  diameter  1.2  mm 
Outer  diameter  2.0  mm 
Temperature  profile:  Hopper  to  nozzle 
240/240/240/240/240/250 
Die:  280«C 

-  Output:  85  m/min. 

Screw  Speed:  65  rpm 

-  Filling  compound:  Injection  pressing 
2.4  bar 


The  attenuation  at  1300  nm  of  each  one 
of  the  fibers  was  tested  at  20fiC.  Then 
the  temperature  was  raised  to  60OC, 
reached  in  40  minutes.  The  climatic 
device  was  kept  at  600C  for  12  hours, 
enough  time  for  the  whole  cable  to  reach 
this  temperature.  At  the  end  of  the 
12  hours  the  fibers  were  measured  again. 
After  measuring  the  fibers,  the 
temperature  was  lowered  to  -20°C,  reached 
in  90  minutes.  The  climatic  device  was 
left  at  -20°C  for  12  hours,  at  the  end 
of  which  time  the  attenuation  of  the 
16  fibers  was  measured  again.  Then  the 
temperature  of  the  climatic  device  was 
raised  to  20ac  again.  After  the  cable 
had  been  subjected  to  this  temperature 
for  3  hours,  the  attenuation  tests  were 
carried  out  again. 


The  four  polybutylenterephtalates  have 
been  worked  with  these  small  deviations 
in  the  processing  conditions  and  in 
this  way  quite  acceptable  variations 
in  physical  measurements  (diameter, 
oval)  and  attenuation  values  in  the 
fibers  have  been  achieved,  although, 
obviously,  we  believe  that  the  results 
of  two  of  the  types  experimented  with 
are  a  little  better. 


THERMIC  CYCLES 


The  whole  cycle  was  repeated  a  second 
time.  There  were  no  significative  vari¬ 
ations  in  fiber  attenuation  in  any  of 
the  partial  measurements  nor  at  the 
end  of  the  cycle. 


FINAL  PROPERTIES  OF  THE  CABLE 


Besides  the  properties,  already  shown, 
of  all  the  materials  which  make  up  the 
cable  and  the  results  of  the  specific 
tests  carried  out,  the  following  general 
properties  of  the  cable  can  be  added: 


This  test  allowed  us  to  study  the  behav- 


iour 

from 

into 

of  the  cable  in  temperatures  ranging 
-20oc  to  +60«>C.  The  cable  was  put 
a  climatic  device  and  tested  using 

Attenuation 

at 

1300  nm. 

Ave. 

Max. 

0.36 

0.38 

dB/km 

dB/km 

the 

3). 

following  thermic  cycles  (Figure 

(’C) 

Attenuation 

at 

1550  nm. 

Ave . 
Max. 

0.24 

0.25 

dB/km 

dB/km 

FIGURE  3:  THERMIC  CYCLES 
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CONCLUSIONS 


The  study  made  shows  that  the  four  PBT's, 
used  as  raw  materials,  possess  similar 
and  suitable  characteristics  for  their 
use  as  secondary  coating  for  loose  tube 
type  optical  fibers.  Any  one  of  the 
materials  could  be  considered,  in  princi¬ 
ple,  as  ideal  for  said  technology.  Like¬ 
wise,  the  ageing  of  the  polyesters, 
using  gel  type  filling  compounds  when 
tested,  is  satisfactory.  None  of  them 
exceeded  variations  higher  than  10% 
in  the  mechanical  parametes  studied. 
As  far  as  their  processability  is  concern¬ 
ed,  it  can  be  said  that  all  of  them 
are  transformed  suitably  by  extrusion, 
although  it  must  be  pointed  out  that 
the  performance  of  two  of  the  polyesters 
(namely  A  and  B),  is  better.  The  results 
are  also  better  when  it  is  a  question 
of  dimensional  stability  (diameter  and 
ovality)  of  the  tubes  manufactured. 

In  the  temperature  cycle  tested  the 
attenuation  measurements  are  absolutely 
correct  and  acceptable. 
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SUMMARY 

We  have  measured  the  tensile  strengths  of  fusion 
splices  immediately  after  splicing  without  recoating  or 
installing  plastic  protective  sleeves.  Splices  prepared 
by  three  different  operators  were  tested  to  evaluate 
operator  effects.  The  strengths  of  all  splices  were 
very  low,  independent  of  the  operator,  with  median 
strengths  close  to  the  normal  prooftesting  stress  of  50 
ksi.  The  deterioration  in  fiber  strength  was  due  to 
abrasion  that  occurred  during  the  splicing  operation. 
There  was  little  further  decrease  in  strength  after 
aging  the  splices  at  60  and  80°C  both  in  deionized 
water  and  at  94%RH  for  periods  of  1  day,  1  week, 
and  1  month. 

We  also  prepared  splices  with  plastic  protective 
sleeves.  The  measured  strengths  of  these  splices  were 
nearly  equal  to  the  original  glass  strength  indicating 
that  the  sleeve  carries  most  of  the  load  in  the  splice. 
However,  after  aging  sleeve-protected  splices  at  60 
and  80°C  in  deionized  water  and  at  94%RH,  their 
strengths  were  reduced  to  values  similar  to  those  of 
unprotected  splices. 


INTRODUCTION 

The  mechanical  reliability  of  optical  fibers  lias  been  of 
major  interest  since  their  introduction  into  the 
telephone  network.  Initial  work  in  this  area  has 
concentrated  on  the  strength  of  long  lengths  of  fiber. 
This  was  appropriate  since  the  first  applications  of 
fiber  optics  for  telecommunications  have  generally 
concentrated  on  long  distance  transmission.  Optical 
cables  for  this  application  contain  long  lengths  of  fiber 


with  relatively  few  splices,  some  of  which  are 
prefabricated  in  the  factory  with  the  remaining  being 
made  in  the  field.  However,  as  use  of  fibers  spreads 
throughout  the  telecommunications  plant,  shorter 
cables  containing  field  splices  are  becoming  more 
common.  Whapham1  estimates  that  five  to  eight 
splices  per  subscriber  will  be  required  for  a  branched 
distribution  and  loop  network. 

The  preparation  of  either  a  mechanical  or  fusion 
splice  involves  several  steps  which  may  damage  the 
glass  surface.  This  includes  removing  the  cable 
structure,  stripping  the  coating,  cleaning  the  stripped 
fiber,  cleaving  the  fiber,  splicing,  fiber  recoating,  and 
installation  of  the  splice  supporting  structure.  Many 
of  these  steps  expose  the  glass  surface  to  mechanical 
damage  and  the  degrading  effects  of  the  environment. 
In  a  recent  paper2,  we  examined  the  effects  of  the 
stripping  and  cleaning  procedures  on  the  mechanical 
properties  of  fiber.  Others3'”  have  shown  that  it  is 
possible,  with  specialized  laboratory  techniques,  to 
produce  fusion  splices  with  strengths  nearly  equal  to 
that  of  unspliced  fiber.  In  this  paper  we  examine  the 
effects  of  normal  fusion  splicing  techniques  on  the 
strength  of  fiber.  As  part  of  our  study,  we  considered 
some  of  the  variables  in  the  fusion  splicing  process 
which  can  affect  the  strength  of  the  splice. 

Specifically,  we  measured  the  tensile  strength  of 
fusion  splices  with  and  without  plastic  protective 
sleeves.  Also,  splices  were  prepared  by  three 
different  persons  to  evaluate  operator  effects.  We 
also  tensile  tested  splices  after  aging  in  60  and  S0*C 
deionized  water  and  60  and  80°C  94% RH  for  periods 
of  1  day,  1  week,  and  1  month.  Finally,  fibers  from 
two  different  manufacturers  were  spliced  and  tested. 
In  total  nearly  4,000  fusion  splices  were  made  and 
tested  for  this  study. 
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EXPERIMENTAL 

The  objective  of  this  work  was  to  characterize  the 
degree  of  strength  reduction  introduced  by  fusion 
splicing.  Commercially  available  optical  fibers 
representative  of  current  production  capability  were 
obtained  from  two  vendors;  the  fibers  are  designated 
herein  as  Fibers  A  and  B.  The  fibers  were  125p,m 
glass  coated  with  a  UV-cured  urethane  acrylate  to  an 
overall  diameter  of  250p.m.  We  used  the  same 
nominal  procedure  to  prepare  all  fiber  ends  for  the 
fusion  step.  This  included  stripping  the  coating  with  a 
single  commercially  available  stripping  tool.  The 
blades  of  the  stripping  tool  were  cleaned  regularly. 

The  stripped  ends  were  wiped  clean  using  lint-free 
lens  paper  dipped  in  ethyl  alcohol,  and  the  fiber  ends 
were  cleaved  using  a  single  blade  type  cleaver  built 
into  the  fusion  splicer.  All  splices  were  made  using 
the  same  commercially  available  arc-fusion  splicer  to 
eliminate  the  splicing  machine  variable.  Half  of  the 
splices  made  in  this  study  had  a  heat-shrunk,  plastic 
protective  sleeve  installed  over  the  stripped  and 
spliced  area;  the  other  half  were  prepared  without  the 
sleeve. 

The  tensile  strength  of  the  spliced  samples  was 
measured  on  a  screw-driven  universal  tensile  testing 
machine  at  a  strain  rate  of  5%  per  minute  in  a  test 
environment  of  22°C  and  45%RH.  Samples  were 
gripped  on  10  cm  diameter  capstans  covered  with  a 
soft  elastomeric  sleeve  and  were  secured  with  masking 
tape.  A  gage  length  between  capstans  of  50  cm  was 
used  and  61  samples  were  tested  for  each  condition. 
Splices  were  tested  both  in  the  as-spliced  condition 
and  after  aging  the  splices  in  deionized  water  and  high 
relative  humidity  (94%).  In  addition,  samples  of 
unspliced,  as-received  fiber  and  as-stripped,  unspliced 
fiber  were  tested  to  serve  as  base-lines  for  our  study. 
The  variables  considered  in  this  work  were: 

Fiber  vendor  A,B 

Splice  type  sleeved,  unsleeved 

Operator  1,  2,  3 

Aging  Conditions  Deionized  water  -  60,  80°C 
94%  RH  -  60,  80°C 

Aging  time  1  day,  1  week,  1  month 

RESULTS-ANP. DISCUSSION 

The  strength  of  optical  fibers  normally  can  be  fit  to  a 
Weibull  distribution  with  a  very  steep  slope 
characteristic  of  a  narrow  distribution  of  strengths. 
However,  the  splice  strengths  for  both  fibers  showed 
a  very  broad  distribution;  results  for  Fiber  A  are 
shown  in  Figures  1-3.  and  a  poor  fit  to  a  Weibull 
distribution  in  general.  Therefore,  we  report  our 
results  in  tabular  form  in  terms  of  the  median 
strength.  The  effect  of  fusion  splicing  on  the  tensile 
strength  of  fibers  A  and  B  is  summarized  in  Tables  1 
and  2  respectively.  Several  observations  about  fusion 
splicing  are  apparent.  First,  the  stripping  operation  is 
the  cause  of  the  largest  deterioration  in  strength;  for 
example,  from  776  ksi  as-received  to  111  ksi  as- 
stripped  for  fiber  A.  The  splicing  operation  produces 
only  a  small  additional  strength  loss.  Examination  of 


the  fractures  indicated  that  failure  always  occurred  in 
the  stripped  region  away  from  the  fusion  zone.  Thus, 
the  low  strength  observed  is  the  result  of  damage  to 
the  exposed  glass  surface  during  the  stripping 
operation  and  during  the  fusion  operation.  The  use 
of  a  heat-shrunk,  plastic  protective  sleeve  increases 
the  measured  strength  of  the  splice  significantly  in  the 
unaged  condition.  This  indicates  that  the  load  is 
carried  across  the  weak  splice  by  the  sleeve  and  that 
the  measured  strength  is  not  a  true  indicator  of  the 
fiber  strength. 

Aging  in  deionized  water  or  in  high  humidity  has  little 
effect  on  the  strength  of  unsleeved  splices.  The  flaws 
introduced  into  these  fibers  by  the  stripping  and 
splicing  operations  are  so  large  that  they  do  not 
increase  in  size  significantly  in  the  corrosive  aging 
environment.  However,  aging  in  either  deionized 
water  or  high  humidity  causes  large  decreases  in  the 
strength  of  splices  with  a  heat-shrunk  plastic  sleeve. 
The  aging  environment  rapidly  destroys  the  ability  of 
the  sleeve  to  carry  load  such  that  the  measured 
strength  of  aged  sleeved  samples  approaches  the 
strength  of  unsleeved  splices.  As  shown  in  Tables  1 
and  2,  the  results  with  fibers  A  and  B  were  similar. 

The  effect  of  operator  variation  is  shown  in  Figure  4 
and  Table  3.  In  general,  there  was  little  difference  in 
the  strengths  of  splices  made  by  different  operators. 

It  is  tempting  to  attribute  this  to  good  training  or  to 
"operator-proof"  equipment.  Actually,  it  is  probably 
due  to  neither.  In  the  case  of  unsleeved  splices,  the 
strengths  are  uniformly  low  due  to  stripping.  In  the 
case  of  sleeved  splices,  the  strengths  are  uniformly 
high  because  the  loads  are  carried  by  the  sleeves. 

The  results  of  this  study,  like  that  of  our  earlier  one1, 
show  that  the  splicing  operation,  especially  stripping 
of  the  coating,  is  very  deleterious  to  the  strength  of 
fiber.  It  is  suggested  that  improvements  need  to  be 
made  in  the  tooling  used  in  splicing.  In  addition,  it  is 
important  to  design  splice  enclosures  to  minimize  the 
stresses  on  the  splice  and  to  protect  them  from  the 
service  environment. 

CONCLUSIONS 

The  strength  of  fusion  splices  can  be  significantly  less 
than  the  strength  of  the  unspliced  fiber.  The  coating 
stripping  operation  is  the  primary  cause  for  the  low 
strength.  Heat  shrunk  plastic  sleeves  provide  an 
initial  strengthening  effect,  but  this  is  rapidly  lost 
when  the  splices  are  exposed  to  moisture.  Splices 
remain  an  area  for  improvement  to  assure  the 
mechanical  reliability  of  the  optical  fiber  network. 
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Table  1 

-  Effect  of  Fusion  Splicing  on  Fiber 

"A"  Strength 

Fiber  Condition 

Aging  Condition 

Median  Strength,  ksi 
Unsleeved  Sleeved 

Unstripped,  unspliced 

Unaged 

776 

- 

Stripped,  unspliced 

Unaged 

111 

- 

Stripped,  spliced 

Unaged 

92 

610 

Stripped,  spliced 

1  day,  60°C,94%RH 

71 

410 

Stripped,  spliced 

1  week,  60°C,94%RH 

68 

369 

Stripped,  spliced 

1  month,  60°C,94%RH 

62 

180 

Stripped,  spliced 

1  day,  80°C,  94%  RH 

70 

191 

Stripped,  spliced 

1  week,  80°C,  94% RH 

64 

92 

Stripped,  spliced 

1  month,  80°C,  94% RH 

92 

77 

Stripped,  spliced 

1  day,  60°C .deionized  water 

70 

112 

Stripped,  spliced 

l  week,  60°C .deionized  water 

62 

96 

Stripped,  spliced 

1  month,  60°C .deionized  water 

72 

79 

Stripped,  spliced 

1  day,  SO'C,  deionized  water 

68 

85 

Stripped,  spliced 

1  week,  80°C,  deionized  water 

70 

85 

Stripped,  spliced 

1  month,  80°C,  deionized  water 

77 

91 

Table  2  -  Effect  of  Fusion  Splicing  on  Fiber  "B”  Strength 


Fiber  Condition 

Aging  Condition 

Median  Strength,  ksi 
Unsleeved  Sleeved 

Unstripped,  unspliced 

Unaged 

694 

- 

Stripped,  un spliced 

Unaged 

137 

- 

Stripped,  spliced 

Unaged 

62 

512 

Stripped,  spliced 

1  day,  60°C,94%RH 

60 

367 

Stripped,  spliced 

1  week,  60°C,94%RH 

55 

330 

Stripped,  spliced 

1  month,  60°C,94%RH 

62 

161 

Stripped,  spliced 

1  day,  80°C,  94% RH 

56 

171 

Stripped,  spliced 

1  week,  80°C,  94% RH 

68 

83 

Stripped,  spliced 

1  month,  80°C,  94%RH 

67 

69 

Stripped,  spliced 

1  day,  60°C, deionized  water 

53 

74 

Stripped,  spliced 

1  week,  60°C, deionized  water 

48 

42 

Stripped,  spliced 

1  month,  60°C .deionized  water 

56 

38 

Stripped,  spliced 

1  day,  80°C,  deionized  water 

54 

55 

Stripped,  spliced 

1  week,  80°C,  deionized  water 

63 

46 

Stripped,  spliced 

1  month,  80°C ,  deionized  water 

69 

44 
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able  3  •  Effect  of  Splicing  Operator  on  Fiber  Strength 


Operator  Fiber 


1  A 

2  A 

3  A 

1  B 

2  B 

3  B 


99.9 


Figure  1  •  Effect  of  Stripping  and  Splicing  on  Sfrengfh  of  Optical  Fiber  ■ 
Without  Plastic  Protective  Sleeves 


Figure  2  •  Effect  of  Stripping  and  Splicing  on  Strength  of  Optical  Fiber  •  With 
Plastic  Protective  Sleeves 


Median  Strength,  ksi 


Unsleeved 

Sleeved 

92 

610 

104 

612 

91 

634 

62 

512 

112 

515 

97 

508 

99.9 


Figure  3  ■  Effect  of  Aging  at  60  °C,  94%  RH  on  Strength  of  Fusion  Splices  In 
Optical  Fibers  •  Wth  Plastic  Protective  Sleeves 


Figure  4  ■  Effect  of  Operator  on  Strength  of  Optical  Fiber  Fusion  Splices  - 
Without  Plastic  Protective  Sleeves 
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MEASURING  METHOD  FOR  ELONGATION/SHRINKAGE  IN  STRANDED  OPTICAL  FIBERS 
BY  MEANS  OF  TRANSMISSION  PULSE  DELAY  TECHNIQUE 


FRANCISCO  J.  SAEZ  DE  LA  MAZA 

ALCATEL  STANDARD  ELECTRICA,  S.A. 
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ABSTRACT 

The  monitoring  of  the  fiber  elongation 
during  cable  pull  tests  is  considered 
to  be  necessary  for  the  evaluation  of 
tensile  strength  in  optical  fiber  cable 
designs. 

This  paper  is  a  method  to  test  and  evalu¬ 
ate  the  elongation  and/or  shrinkage 
of  fibers  by  the  Transmitted  Pulse  Delay 
Technique,  which  we  consider  as  an  im¬ 
provement  on  the  traditional  Phase  Shift 
Technique . 

The  paper  describes  the  test  set,  char¬ 
acteristics  of  the  equipment  used,  and 
shows  the  results  of  several  types  of 
cables  which  have  been  tested,  mainly 
aerial  and  special  cables  (OPGW  cores) 
which  we  knew  would  be  subject  to  very 
high  levels  of  mechanical  interference 
or  adverse  environmental  conditions. 


1.-  GENERAL 


This  study  has  been  used  on  optical 
fiber  cables  manufactured  with  loose 
tube  technology  and  in  all  cases,  a 
great  deal  more  has  been  found  out  about 
fiber  over length  inside  the  tube,  free 
grades,  helix  lay  lengths,  etc. 

All  this  data  is  of  capital  importance 
in  the  study  of  turnkey  projects  where 
not  only  cables  are  included,  but  also 
installation  and  maintenance  are  required. 

The  results  achieved  experimentally 
are  in  accordance  with  those  theoretically 
calculated,  and  were  fundamental  to 
the  design  and  manufacture  of  the  proto¬ 
types  tested.  The  direct  measurements 
of  fiber  stress  must  be  included  in 
the  optical  cable  qualification  testing. 

In  order  to  optimize  the  design  of  optical 
fiber  cables  it  is  necessary  to  find 
out  the  resistance  to  elongation/shrinkage 


with  the  guarantee  that  any  residual 
tension  is  transmitted  to  the  fibers. 
This  objective  is  essential  in  all  types 
of  optical  fiber  cables,  but  it  is  indis¬ 
pensable  in  those  cables  exposed  to 
very  high  levels  of  mechanical  interfer¬ 
ence  or  adverse  env.i  ronmental  conditions 
because  when  it  is  a  question  of  cables 
being  installed  with  residual  stress 
in  the  fibers,  a  shortening  of  their 
lifetime  is  to  be  expected. 

That  is  why  it  is  necessary  to  always 
keep  the  idea  of  'no  stress',  well  in 
mind  when  it  comes  to  designing  optical 
fiber  cables.  If  this  is  not  done  we 
would  face  the  risk  of  a  decrease  in 
the  optical  characteristics  of  such 
cables  throughout  their  lifetime  which, 
on  the  other  hand,  would  be  considerably 
shortened. 

As  this  type  of  test  gives  us  an  idea 
of  the  state  of  the  fiber  inside  t'he 
optical  fiber  cables  we  also  believe 
it  is  necessary  to  include  it  in  the 
qualification  trials. 

The  method  described  below  is  based 
on  the  delay,  in  time,  of  the  pulse 
produced  by  a  laser,  along  the  length 
of  an  optical  fiber  when  said  fiber 
is  submitted  to  elongation  by  means 
of  mechanic  pulling. 


2.-  DESCRIPTION  OF  THE  TEST 


The  essence  of  the  test  consists  in 
measuring  the  differences  in  the  length 
of  time  it  takes  a  pulse  to  pass  along 
a  fiber  in  repose  and  the  length  of 
time  it  takes  it  to  pass  along  the  same 
fiber  which  has  been  subjected  to  a 
mechanic  pull.  The  difference  in  the 
lengths  of  time,  expressed  in  lengths, 
by  means  of  a  factor  of  speed,  is  the 
elongation  of  the  fiber. 

To  carry  this  out  we  use  a  Network  Analy- 
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FIGURE  1:  DIAGRAM  OF  THE  SET  UP  OF  THE  EQUIPMENT  AND  PULLING  BENCH 
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zer  which  is  made  to  work  at  frequencies 
of  between  100  Mhz  and  2  Ghz,  depending 
on  the  length  of  the  fiber  being  tested: 


span  Pstop  -  Fstart 


where , 

L  =  length  of  fiber  under  test,  in  meters. 

Np  =  Number  of  points  -Sampling-. 

Fstop  =  Final  frequency. 

Fstart  =  Start  frequency  =  100  Mhz. 

according  to  the  length  of  fiber  under 
test,  L,  the  final  Fstop  is  calculated. 

The  frequency  range  to  be  worked  in 
is: 


Np— 1  1 

f  =  Fstop  -  Fstart  =  -  .  —  .  c 

L  n 


where, 

n  =  refractive  index  of  fiber,  and 
c  =  speed  of  light. 

Also,  we  use  an  Electro/Optical  Converter 
which  sends  the  signal  produced  by  the 
Network  Analyzer  to  the  optical  fiber, 
and  an  Optical/Electric  Converter  which 
converts  this  pulse  into  an  electric 
signal,  which  in  turn  is  processed  by 
the  Network  Analyzer. 

The  Analyzer  generates  a  pulse  which 
goes  into  the  fiber  and,  at  that  same 
instant,  the  time  it  takes  to  pass  along 
the  whole  length  of  said  fiber  is  regis¬ 
tered  . 

Then  the  cable  is  subjected  to  a  pull 
or  shrinkage,  so  that  the  length  of 
time  it  takes  the  pulse  to  pass  along 
the  fiber,  increases  or  decreases  accord¬ 
ing  to  the  speed  of  the  propagation 
of  light  inside  the  fiber. 


3.-  MEASURING  METHOD 


A  diagram  of  the  set  up  of  the  equipment 
and  pulling  bench  used  in  the  test  is 


shown  in  Figure  1. 

A  cable  of  about  100  meters  in  length 
is  subjected  to  mechanic  pull  by  using 
a  pulling  bench  which  monitors  by  means 
of  a  computer,  the  tension,  the  elongation 
and  the  attenuation  variations. 

At  the  same  time,  and  with  the  help 
of  the  above  mentioned  equipment,  the 
elongation  of  the  fiber  inside  the  cable 
being  tested,  is  monitored  by  means 
of  the  increase  in  the  length  of  time 
it  takes  the  pulse  to  pass  through  the 
fiber . 


REFRACTIVE  INDEX  VARIATION 


In  order  to  determine  the  real  value 
of  the  elongation  to  which  the  fibers 
are  submitted,  it  is  necessary  to  correct 
the  value  obtained  in  the  test  equipment. 
This  is  due  to  the  changes  which  take 
place  in  the  Refractive  Index  of  the 
fiber  under  tension. 

In  tests  carried  out  in  our  laboratories, 
using  unstranded  fibers,  the  following 
results,  shown  in  Figure  2,  were  obtained. 


(*) 


0.05  010  0.15  0.20  0.25  0.30  035  0.40  0.45  0.50  0.55 


ELONGATION  TRUE 


FIGURE  2:  VARIATION  OF  THE  ELONGATION 
TESTED  AND  REAL 


An  0.8  slope  is  obtained: 

Measured  elongation  =  0.8  Real  Elongation. 
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Therefore 

real 

elongation  is 

what 

the 

measuring 

equipment 

reads,  divided 

by 

the  factor 

0.8. 

This  fact 

must 

be 

kept  in 

mind 

when 

we  want  to 

find 

out 

the  real 

elongation 

of  the  fiber.  What  we  want  to  know  is 
what  the  fiber's  highest  degree  of  liberty 
is  without  it  suffering  any  elongation, 
in  other  words  when  the  stranded  core 
suffers  a  pull  and,  therefore,  to 
elongation . 


4.-  CABLE  TESTS 


The  equipment  used  can  be  seen  m  Figure 
3  while  an  overall  view  of  the  pulling 
bench  is  shown  in  Figure  4. 


FIGURE  3:  EQUIPMENT  USED 


EQUIPMENT  USED 

-  Analyzer  Network-T/R  Test  Set. 
E/0  and  0/E  Converters. 

-  OTDR. 

Stabilized  light  source. 

Power  meter. 

Computer. 

-  Splicer. 


FIGURE  4:  PULLING  BENCH 


OPTICAL  CORES  UNDER  TEST 

No.  of  optical  fibers:  6 
Type  of  fibers:  Single  mode 
Max.  attenuation  at  1300  nm:  0.4  dB/kin 
Max.  attenuation  at  1550  nm:  0.25  dB/km. 
Fiber  coating:  Loose  tube 

Material:  Polyester 

Inner  Diameter:  1.1  mm 
Outer  Diameter:  1.8  mm 
Filling  Compound 

Stranding:  Central  member:  E-Glass 

Outer  Diameter:  2.1  mm 


The  six  loose  tubes,  with  a  lay  length 
of  65  mm,  are  stranded  around  the  E~ 
Glass . 

The  core  is  fully  filled  and  then  jacketed 
with  a  polyester  glass  tape  applied 
helically. 

These  cores  are  later  used  as  optical 
cores  for  OPGW  cables. 
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THEORETICAL  CALCULATION  OF  ELONGATION 


rf  = 


2.03354 


The  fibers  were  housed  inside  the  loose 
tubes  with  an  overlength  of  1.5%o  which 
was  monitored  during  extrusion  and, 
later  on  was  measured  and  checked  with 
equipment  specially  designed  for  moni¬ 
toring  said  parameter.  This  equipment 
is  shown  in  Figure  5. 


hi  - 


2  It 


and  the  elongation  to  which  the  optical 
core  can  be  subject,  in  accordance  with 
the  above  mentioned  data,  is: 


A  (%)  =  100 


4  7T  2  „  - 

1  +  -  (rf2  _  r02)_i 


Po2 


therefore,  the  rD  is  now  the  radius 
of  the  minimum  helix  to  which  the  fiber 
can  be  brought  when  the  core  is  subjected 
to  a  pull,  in  other  words,  when  it  touches 
the  inner  wall  of  the  loose  tube,  with 
the  consequent  increase  in  the  lay  length: 
rQ  =  1.525  mm. 


With  this  new  data  we  get  a  =  0.845%, 
which  is  the  maximum  elongation  to  which 
the  optical  core  can  be  subjected  without 
the  fiber  being  submitted  tc  any  stress; 
we  will  now  contrast  this  value  with 
the  experimental  data. 


FIGURE  5:  EQUIPMENT  FOR  MONITORING 
THE  OVERLENGTH 


In  accordance  with  the  loose  tube  and 
stranded  optical  cable  design,  the  length 
of  the  fiber  inside  the  loose  tube  is 
expressed  thus: 


1  =  yPo2  +  (2  it  r0)2 


where, 

PQ  =  lay  length,  in  this  case  =  65  mm. 

rQ  =  helical  radius,  in  this  case,  and 
when  the  overlength  is  zero,  in 
other  words,  the  fiber  is  situated 
in  the  center  of  the  tube,  it  has 
a  value  or  r0  =  1.95  mm. 

Therefore,  using  the  above  mentioned 
the  length  of  the  fiber  for  sn 
overler.gth  of  zero,  is  1  =  66.1447  mm. 
When  the  overlength  is  of  1.5%othe  length 
of  fiber  is  1^=  66.2439  mm. 

With  these  new  overlength  conditions, 
the  result  obtained  is  a  fiber  stranded 
with  a  new  helixial  radius: 


5.-  RESULTS  OF  EXPERIMENTS 


Distance  between  pulleys:  15  meters 

Diameter  of  the  pulleys:  600  mm 

No.  of  turns:  3 

Trial  speed:  25  mm/minute 

Cable  1ength:  approximately,  250  meters 

Length  being  tested:  95  meters 

Pulling  range:  Between  150-1800  N 

The  length  of  the  fiber  tested,  according 
to  measurements  taken  by  the  Analyzer 
Network,  was  260.94  meters,  as  can  be 
seen  in  Figure  6.  The  sample  was,  at 
that  time,  situated  on  the  pulling  bench 
and  subjected  to  an  initial  force  of 
150  N.  Then  the  different  tensions  were 
applied  and  monitored,  as  per  Figure 
7. 

The  dotted  line  corresponds  to  the  elon¬ 
gation  of  the  core,  and  the  unbroken 
line  to  the  variation  of  attenuation 
in  the  fibers.  According  to  said  Figure 
7,  the  attenuation  of  the  fiber  begins 
to  increase  when  the  pull  to  which  the 
core  is  subjected  is  approximately  1100 
N  and  equivalent  to  an  elongation  of 
0.7%  of  said  core. 

When  this  point  is  reached,  the  Analyzer 
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FIGURE  8:  0.01%  FIBER  ELONGATION 


FIGURE  9:  0.32%  FIBER  ELONGATION 


Network  shows  at  the  same  time  that 
the  fiber  is  beginning  to  elongate. 
This  can  be  seen  in  Figure  8,  where 
the  length  is  of  10.298  mm,  equivalent 

to  an  elongation  of  0.01%. 

Continuing  with  the  trial,  and  when 

degradation  of  the  fiber  is  about  to 
begin,  taking  a  measurement  at  1600 
N  cf  tension  in  the  cable,  the  fiber 

is  elongated  by  0.32%,  as  can  be  seen 
in  Figure  9.  This  means  the  real 

elongation  is  0.32  :  0.8  =  0.397%. 


6.-  CONCLUSIONS 


Using  a  pulling  bench,  an  Analyzer  Net¬ 
work,  E/0  and  0/E  Converters,  it  is 
possible  to  carry  cut  the  necessary 
elongation  test  to  design  optical  fiber 
cables.  The  expected  lifetime  of  the 
optical  fiber  inside  a  cable  should 
not,  therefore,  be  shortened  even  if 
it  has  undergone  great  strain,  which 
might  have  demaged  it,  during  cable 
installation.  Even  though  the  damage 
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done  might  not  be  noticed  at  the  time. 


We  suggest  that  the  fiber  elongation 
measurement  be  included  in  the  optical 
cable  qualification  tests,  and  what 
we  are  offering  is  a  new  practical  method. 

The  trustworthiness  of  this  method  can 
be  proved  by  comparing  the  results  obtain¬ 
ed  with  the  theoretical  calculation. 
In  the  first  case  a  value  of  0.7%  for 
maximum  elongation  of  the  core  was  obtain¬ 
ed,  comparable  to  a  theoretical  degree 
of  the  fiber's  freedom  of  movement  of 
0.845%. 
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New  Single  Loose  Tube  Cable  with 
Spiralling  Fiber  Channel  in  Finnish  Field  Trial 


T.  Rasanen  and  J.  Ravela 

Nokia  Telecommunication  Cables 
P.O.Box  77, 01511  Vantaa,  Finland 


Abstract 

Due  to  the  need  for  simple  and  economic  cable  design 
and  the  increasing  popularity  of  installing  optical 
fiber  cables  by  ploughing  in  the  Nordic  countries 
the  new  single  loose  tube  cable  with  spiralling 
fiber  channel  and  improved  crush  resistance  has 
been  developed  and  installed  for  commercial  field 
trial. 

The  modified  extrusion  manufacturing  process  for 
the  single  loose  tube  has  effected,  potentially, 
low  cost  manufacturing  of  the  cables.  The  developed 
cable  types  show  excellent  performance  in  the  tested 
optical  and  mechanical  characteristics. 

The  1.55  urn  attenuation  stability  is  in  the  range 
of  0.01  dB/km  between -45°C. . .+55°C,  and  the  crush 
strength  in  the  range  of  2000  kg/10  cm.  The  field 
trial  ploughing  of  the  0.8  mm  diam.  wire  armored 
cable  into  the  road  bank  has  demonstrated  a  cost 
effective  way  of  installing  direct  burial  cable 
connections. 

1.  Introduction 

In  the  Nordic  countries  the  use  of  ploughing  ror 
direct  burial  of  optical  fiber  cables  has  become 
increasingly  common  in  the  last  few  years.  The 
driving  force  for  this  trend  has  been  the  cost 
reduction  of  the  installed  direct  burial  cable 
connections.  The  present  common  optical  fiber  cable 
designs  are,  however,  quite  crush  sensitive. 
Therefore  in  the  ploughing  installations  special 
measures  have  been  taken  against  the  crushing  force 
from  rocks,  freezing  water  etc.  in  the  soil.  Slitted 
PE-pipes  have  been  used  as  protection  around  the 
cables.  Also  cables  with  the  maximum  crush  resistance 
available  in  the  range  of  600  kg/10  cm  have  been 
used.  Without  long  term  experience  on  the  installed 
cables  it  is  very  difficult  to  determine  the  required 
crush  resistance  for  th.s  various  surroundings  in 
the  soil.  However,  improvement  of  the  crush  strength 
will  enable  more  general  use  of  ploughing 
installation  in  the  Nordic  environment. 

To  reduce  the  cable  costs  and  to  match  the  cable 
design  for  ploughing  the  new  single  loose  tube 
cable  with  spiralling  fiber  channel  and  with  improved 
crush  strength  characteristics  has  been  developed. 
The  pilot  production  batch  of  this  cable  was 
installed  in  a  field  trial  in  summer  1989. 


This  paper  describes  the  new  cable  design  and 
presents  test  results  of  the  developed  cable  types 
and  the  commercial  field  trial. 


2.  Cable  Desion 

When  investigating  the  design  for  the  new  cable  it 
was  recognized  that  production  of  conventional  cable, 
i.e.  stranded  loose  tube  and  slotted  core  types  is 
vulnerable  and  time  consuming  with  many  separate 
steps  and  relatively  expensive,  and  therefore  a  more 
simple  and  production  efficient  cable  design  is 
required.  However,  the  benefits  of  excess  fiber 
length,  and  strain  and  contraction  margins  in  loose 
stranded  cables  were  regarded  advantageous  to  give 
the  mechanical  reliability.  From  that  basis  an  idea 
of  a  cable  with  more  simple  manufacturing  and  less 
use  of  different  materials  but  still  with  the  same 
or  even  better  mechanical  properties  than 
conventional  stranded  cables  was  developed.  The 
production  efficiency  of  the  single  loose  tube  cables 
was  evident.  But  also  some  of  their  disadvantages 
were  recognized;  difficulty  in  organizing  the  fibers 
for  controlled  strain  and  contraction  margins  and 
the  need  for  special,  complicated  filling  compound 
for  the  large  size  tubes.  To  avoid  these  disad¬ 
vantages  the  idea  of  a  single  loose  tube  cable  with 
spiralling  channel  to  accommodate  fibers  or  units 
of  fibers  was  generated.  A  regular  spiralling  channel 
extending  up  to  or  over  the  center  line  of  the  tube 
element  would  force  also  the  fibers/units  to  take  a 
similar  spiralling  path  randomly  following  the  tube 
bore.  This  thinking  lead  to  the  cable  design  with 
combined  tubing  and  "stranding"  in  one  production 
step  and  with  very  crush  resistant  cable  core. 

To  verify  the  matching  of  the  fiber  path  with  the 
spiralling  channel  and  to  search  for  optimum 
geometrical  factors  of  the  core  element  a  series  of 
tests  was  made.  With  a  constant  cross  sectional 
geometry  of  the  element  (i.e.  6  mm  o.d.,  3  mm  size 
bore  with  some  non-concentricity)  the  spiral  pitch 
and  the  excess  length  of  the  fibers  were  altered  in 
experimentally  manufactured  cores  with  6  single 
mode  fibers.  Corresponding  theoretical  bending  radii 
and  contraction  margins  were  calculated  and  the 
attenuation  increase  at  -45°C  was  checked.  The 
results  are  shown  in  fig.  1  on  the  next  page. 
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mm 


FIGURE  1:  THE  MUTUAL  DEPENDENCE  OF  THE  LOW  TEMP.  ATTENUATION.  FIBER  RADIUS. 
THE  SPIRAL  PITCH  AND  STRAIN  k  CONTRACTION  MARGINS 
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ATTENUATION  INCREASE  AT  -45  C/1550  nm 


It  can  be  seen  that  in  the  samples  with  the  longest 
spiral  pitch  (corresponding  to  almost  a  straight 
bore  tube)  there  is  a  strong  correlation  between 
the  fiber  excess  length  and  the  attenuation  increase 
due  to  the  limited  contraction  margin.  In  the  samples 
with  the  shortest  spiral  pitch  there  is  also  a 
remarkable  correlation  although  contraction  margin 
is  large.  In  this  case  attenuation  growth  at  -45°C 
is  due  to  macrobending.  With  the  intermediate  spiral 
pitch  no  correlation  exists  between  the  fiber  excess 
length  and  the  attenuation  increase.  With  these 
dimensions  a  strain  margin  in  the  range  of  1  %  can 
easily  be  reached  without  sacrificing  the  low 
temperature  performance  even  in  the  bare  unstabilized 
core  element.  The  relatively  large  strain  and 
contraction  margins  in  the  small  size  element  are 
based  on  the  possibility  of  the  fibers  to  straighten 
down  to  the  center  axis  of  the  element.  After  this 
test  series  core  elements  have  been  standardized  to 
the  sizes  presented  in  fig.  2. 


The  coefficient  of  linear  thermal  expansion  of 
approximately  0.7  x  10‘4/K  is  small  enough  to  give 
good  temperature  stability  of  the  fibers  in  the 
core.  However,  Young's  modulus  drops  drastically 
above  approximately  +40°C  and  also  post  shrinkage 
is  increased  at  elevated  temperatures.  As  tube 
filling  compound  a  normal  thixotropic  compound  with 
good  low  temperature  characteristics  down  to  -45°C 
is  used. 

The  first  Spiral  SpaceR  cables  have  been  manufactured 
with  thin  0.8  mm  diam.  steel  wire  armoring  for  direct 
burial,  see  fig. 3.  This  armoring  gives  good  atte¬ 
nuation  stability  between  -45 _ +55°C  and  tensile 

strength  up  to  the  pulling  force  of  about  2  km 
weight  of  the  cable  with  no  fiber  strain. 

To  bring  the  weight  and  the  costs  further  down  Twin 
Rod  Reinforced  (TRR)  cables  were  developed  for  direct 
burial  and  duct  installations,  see  fig.  3.  Two 
approximately  1.6  mm  diam.  rods  of  either  steel  or 
fiber  reinforced  plastics  (FRP)  are  embedded 
symmetrically  parallel  to  the  core  element  in  the 
cable  jacket.  The  rods  give  reasonable  attenuation 
stability  and  the  pulling  force  of  above  1  km  weight 
of  the  cable. 


STEEL  WIRE  ARMOURED  CABLE 


FIGURE  2:  CORE  ELEMENT  DIMENSIONS  (in  mm) 

The  manufacturing  process  of  the  core  element  differs 
slightly  from  a  normal  secondary  coating  process.  To 
create  the  spiralling  channel  a  rotating  extrusion 
tip  is  used.  The  fibers  can  be  bundled  into  6  fiber 
subunits  on-line.  The  jelly  is  fed  through  the  tip 
and  the  fiber  excess  length  is  created  by  a  bias 
capstan  using  accurate  tensile  and  temperature 
control. 

In  order  to  have  an  element  rugged  enough  for  further 
production  steps  and  which  could  form  an  integral 
part  of  the  cable  various  engineering  plastics  were 
studied.  P8T  was  an  easy  choice  because  it  was  known 
from  other  applications  and  gave  an  even  and  regular 
shape  also  in  the  modified  extrusion.  Young's  modulus 
in  the  range  of  2000  N/mm2  is  sufficient  to  give 
good  handling  characteristics  to  the  element  in 
processing. 


TWIN  ROD  REINFORCED  CABLE 

PE- SHEATH 


FIGURE  3.  TWO  CAtllE  DESIGNS 
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Thu  core  element  as  such  is  strong  and  stable  enough 
to  form  an  integral  part  of  the  cable  in  non¬ 
demanding  applications  such  as  indoors.  Indoor 
cables  can  be  manufactured  just  by  adding  a  few 
synthetic  fiber  reinforcement  yarns  around  the  core 
and  sheathing  it  with  flame  rccardant  material. 


Cable  characteristics 


The  0.9  mm  and  1.4  mm  diam.  wire  armored  and  twin 
rod  reinforced  Spiral  Space*  cables  are  being  type 
tested  for  the  Finnish  Telephone  Operating  Companies' 
approval.  Here  are  presented  the  major  results  so 
far  of  the  type  testing  programme. 


3.1  Test  results  for  the  core  unit 


The  Young's  modulus  of  a  6  mm  o.d.  core  tube  has 
been  measured  to  be  about  E  =  2200  N/mmz  at  room 
temperature  and  thermal  expansion  coefficient  of 
the  tube  material  to  be  0.6... 1.2  x  10*4/K  between 
-45....+55°C. 


To  check  the  proper  excess  length  of  the  fibers  the 
tube  has  been  tensile  tested  at  +20°C  and  the 
attenuation  of  the  tube  fibers  has  been  checked  at 
-45°C.  The  measured  excess  lengths  in  the  range  of 
0.5  %  have  been  in  the  design  range  and  tube 
contraction  at  -45°C  has  generated  practically  no 
attenuation  increase. 


The  post-shrinkage  of  the  tubes  has  been  checked 
after  aging  at  +80°C  and  has  been  found  to  be  non¬ 
significant.  The  major  part  of  the  crush  strength 
of  the  cables  has  been  found  to  be  due  to  the  core 
element. 

As  all  of  the  above  demonstrates  the  Spiral  SpaceR 
unit  itself  possesses  many  cable-like  characteristics 
and  after  some  improvements  could  possibly  be  used 
as  a  cable  as  such  (see  section  6). 

3.2  Test  results  for  the  cables 


The  attenuation  stability  for  a  12-fiber  0.9  mm 
diam.  wire  armored  and  a  non-metal  lie  twin  rod 
reinforced  4-fiber  cable  were  tested  with  two  cycles 
between  -45. . . .+55°C.  The  1.55  urn  attenuation 
increase  at  -45°C  was  less  than  0.01/0,02  dB/km  for 
the  4-  /  12-fiber  cables.  The  attenuation  stability 
of  the  1.4  mm  diam.  wire  armored  cable  should  be 
even  better  due  to  the  higher  amount  of  steel  in 
the  cable.  The  tensile  strength  of  the  cables  has 
been  evaluated  according  to  IEC-794-1-E1  and  from 
short  7  m  samples.  Depending  on  the  design,  the 
Quality  of  strength  member  steel  varies:  armoring 
steel  wires  have  tensile  strength  of  400  ...  500 
N/mmz  and  TRR  cable  steel  approximately  1500  N/mmz 
with  elastic  strain  regions  of  approximately  0.1 
and  0.4  %  respectively.  The  strain  curves  for  the 
7  m  cable  samples  are  presented  in  fig.  4. 


x 


FORCE/  WEIGHT  or  CABLE  LENGTH 
0  MEASURED  VALUES  FOR  .9  DIAM  WIRE  ARMOURED  CABLE 
□  MEASURED  VALUES  FOR  TRR -CABLE  (STEEL) 

- CALCULATED  UNE  FOR  1.4  DIAM  WIRE  ARMOURED  CABLE 

- CALCULATED  LIRE  FOR  TRR- CABLE  (FRF) 


FIGURE  4:  STRAIN  CHARACTERISTICS  OF  THE  TWO  CABLE  DESIGNS 


From  the  curves  it  can  be  concluded  that  allowing 
0.2  %  strain  in  the  0.9/1. 4  mm  diam.  wire  armored 
and  0.4  %  strain  in  the  TRR  cable,  gives  a  maximum 
pulling  force  2. 1/3.1  and  1.8  times  kilometer  weight 
of  the  cables,  respectively. 

Crush  resistance  has  been  determined  according  to 
IEC-794-1-E3  and  the  results  are  in  fig. 5. 
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COMPRESSION 

FIGURE  5:  CRUSH  RESISTANCE  OF  THE  TWO  CABLE  DESIGNS 

TOTAL  NUMBER  OF  MEASUREMENTS/  CABLE  DESIGN.  N=60 
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Crush  resistance  of  both  designs  is  in  order  of 
magnitude  better  than  in  comparable  conventional 
stranded  loose  tube  and  slotted  core  types  /l/. 

Impact  resistance  has  been  tested  according  to  I EC 
794-1-E4  and  the  test  results  are  on  the  following 
table. 


Table  1.  Impact  resistance  of  experimental  cables 
(R  is  the  radius  of  the  hammer). 


Impact  resistance  (Joule) 

R  (mm) 

Twin  Rod 
Reinforced 

0.9  mm  diam. 
wire  armored 

10  mm 

>  5  (*-7) 

>  10  («14) 

50  mm 

>  5 

>  10 

300  mm 

>  10 

>  10 

Impact  resistance  is  limited  by  the  appearance  of 
cracks  in  the  cable  core  (not  broken  fibers  or 
attenuation  increase).  Due  to  this  the  of  use 
somewhat  softer  core  polymer  would  increase  impact 
resistance  but  on  the  other  hand  would  decrease 
crush  strength. 

Kink  resistance,  repeated  bending  and  torsion  of 
the  cables  have  been  tested  according  to  IEC-794- 
1-EIO,  E6  and  E7,  respectively,  with  the  following 
parameters: 

Kink: 

5  times  down  to  20  cm  bending  radius 
Repeated  bending: 

1000  times  (+/-  180°)  with  20  cm  bending  radius 
Torsion: 

20  cycles  (+/-  180°) 

All  the  cables  passed  these  tests. 


4.  The  direct  burial  ploughing  field  trial 

A  0.8  mm  diam.  wire  armored  6-fiber  Spiral  SpaceR 
cable  was  installed  for  field  trial  by  the  Oulu 
Telephone  Company  on  30  km  route  in  summer  1989. 
The  cable  was  ploughed  to  a  70  cm  depth  into  the 
road  bank  with  the  speed  of  approximately  10  km  per 
day  using  special  ploughing  apparatus,  see  fig.  6. 


Fig.  6.  The  cable  plow  used  in  the  field  trial. 

Plough  angle  can  hydraulically  be  adjusted 
according  to  the  slope  of  the  road  bank. 


No  attenuation  increase  nor  attenuation  steps  due 
to  crush  were  found  after  installation  although 
during  the  installation  the  cable  was  handled  quite 
roughly  from  time  to  time. 

The  cable  joints  were  placed  inside  buried  enclosures 
with  easy  re-entry  capability  for  possible 
reorganizations. 

Due  to  the  improved  cable  design  enabling  efficient 
ploughing,  the  installation  costs  (excluding 
jointing)  proved  to  be  equal,  within  a  few  percent, 
to  the  existing  installation  costs  of  erecting  a 
pole  line  and  hanging  an  aerial  cable.  The 
installation  costs  were  about  30... 50  %  of  those 
for  normally  dug  direct  burial  line.  This  field 
trial  has  demonstrated  a  very  cost  effective  way  of 
building  new  direct  burial  optical  fiber  cable 
connections. 


5.  Future  prospects 

In  order  to  make  Spiral  SpaceR  core  element  stronger 
and  more  stable,  and  so  reduce  or  even  replace  the 
need  of  outside  reinforcements,  new  materials  are 
under  development  and  evaluation.  Especially  self 
reinforcing  plastics  like  liquid  crystal  polymers, 
their  blends  with  engineering  plastics,  and 
composites  seem  to  be  quite  promising.  Together 
with  rotating  extrusion  tools  they  are  able  to 
establish  a  spiralling  orientation  of  filaments  and 
create  a  tough  but  flexible  rope-like  structure. 

Work  on  modification  the  desiqn  to  adaot  the  fiber 
ribbons  has  been  started. 
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6.  Conclusion 


The  new,  potentially  low  cost  single  loose  tube 
cable  design  with  spiralling  fiber  channel  and 
optimized  crush  strength  performance  has  been 
developed  and  installed  in  a  commercial  field  trial. 
The  test  results  on  both  the  wire  armored  and,  twin 
rod  reinforced  cables  show  excellent  performance  in 
all  optical  and  mechanical  characteristics.  The 
crush  resistance  of  approximately  2000  !;g/10  cm  is 
the  highest  known  for  a  cable  with  a  polymer  cable 
core.  The  1.55  urn  attenuation  stability  is  in  the 
range  of  0.01  dB/km  between  -45. . . .+55°C,  depending 
on  the  fiber  count  in  the  fiber  channel  and  the 
sheath  construction.  The  field  trial  ploughing  of 
0.8  mm  alum.  wire  armored  Spiral  SpaceR  cable  into 
the  road  bank  has  demonstrated  a  very  cost  effective 
way  of  direct  burial  installation  at  the  cost  level 
of  the  building  of  a  new  aerial  cable  line. 

In  the  future  the  cost  performance  of  the  installed 
Spiral  SpaceR  cables  may  be  further  improved  by  the 
use  of  the  very  low  cost  twin  rod  reinforced  cable 
design.  Also  reinforcing  the  polymer  core  with  liquid 
crystal  polymers  or  composite  materials  may  enable 
the  use  of  the  polymer  core  as  a  cable  as  such. 
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Abstract 

The  polarization  fluctuation  in  single 
mode  optical  fiber  is  caused  by  change  of 
boundary  conditions.  Utilizing  this 
phenomenon,  external  modulation  can  be 
possible.  Polarized-wave-external- 
modulation  (PWEM)  using  photoelastic  ef¬ 
fects,  have  been  applied  to  optical  fiber 
cable  identifier  and  optical  talk  set  that 
can  be  tapped  on  any  part  of  a  vacant  op¬ 
tical  fiber  on  the  job  site. 

1.  Introduction 

The  amount  of  installed  optical  fiber 
cables  is  increasing  year  after  year  with 
the  advances  and  expansions  of  optical 
communications,  and  sometimes  many  optical 
fiber  cables  are  installed  in  the  same 
ducts  or  the  same  poles.  This  has  neces¬ 
sitated  the  device  to  correctly  identify 
the  optical  fiber  cable  that  is  required 
to  be  accessed  for  cable  root  change, 
transfer,  branching  or  other  work.  For 
the  identification  of  optical  fiber  cables 
containing  no  copper  pair,  nor  steel-wire 
strength  member,  the  identification  method 
by  a  search  coi 1  that  has  been  used  for 
conventional  metallic  cables  cannot  be 
used.  A  new  device  for  identifying  objec¬ 
tive  optical  fiber  cable  has  been 
developed  to  solve  this  problem. 

It  is  also  necessary  to  have  communir  - 
tion  during  optical  fiber  jointing  work 
to  find  the  quality  of  splices  along  the 
cable  line.  By  now  we  use  a  vacant  opti¬ 
cal  fiber  for  this  purpose  when  the  cable 
contains  no  not  have  a  uupper  pa i r  for  or¬ 
der.  Since  the  most  of  the  talk  set  is 
connected  to  the  end  of  the  vacant  fiber, 
no  communication  is  possible  for  the  work 
of  the  remaining  stand-by  fiber.  To  solve 
this  problem  we  have  developed  an  optical 
talk  set  that  is  tapped  on  any  part  of 


fiber  without  cutting  the  fiber. 

The  basic  concept  of  these  devices  are 
derived  from  the  study  on  polarization 
fluctuation  in  single  mode  optical  fiber. 


Fig.l  Principle  of  optical  system 


2 .  P rinciples 

A  light  injected  into  the  single-mode 
optical  fiber  is  known  to  subject  to 
polarization  fluctuations  with  the  change 
of  environmental  conditions  of  the  in¬ 
stalled  optical  fiber  cable.  Polarization 
fluctuations  are  attributed  to  partial 
double  refraction  of  the  optical  fiber, 
which  is  caused  by  a  fluctuating  external 
stress  or  by  other  causes,  such  as  optical 
fiber  cable  vibration  overlapping  in  a 
longitudinal  direction.  [1]  When  a  stress 
is  intentionally  applied  halfway  in  opti¬ 
cal  fiber  like  Fig.l,  the  light  intensity 
passing  through  a  polarizer  at  the 
photodetection  side  varies  in  accordance 
with  fluctuations  of  the  plane  of 
polarization  that  follow  the  applied  sig¬ 
nal  . 

Fig. 2  shows  the  spectral  distribution  of 
polarization  fluctuation  by  external 
forces,  magnet  fields  and  other  facto>-s 
observed  in  the  past  our  experiment.  The 
vertical  axis  in  Fig. 2  shows  the  fluctua¬ 
tion  of  light  intensity  at  polarizer  out¬ 
puts  Photoelastic  effects  caused  by 
stress  distortion  in  optical  fiber  and 
Faraday  effect  directory  by  magnetic 
field  are  causes  of  such.  Taking 
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electromagnetic  induction  noise  to 
peripheral  equipments,  device  size  and 
other  factors  into  consideration,  our 
devices  used  the  photoelastic  effects. 

The  principles  of  pol ari zed-wave- 
external  -modul  ati  on  ( PWEM  )  method  by 
photoelastic  effects  are  described  below. 
Fig. 3  shows  a  mechanism  of  signal  input 
from  the  side  of  optical  fiber  ,  and  a 
relation  of  coordinates.  The  electric 
vector  E  and  light  intensity  P  in  the 
single  mode  optical  fiber  before  applying 
a  stress  can  be  expressed  by  Equ.©  . 

E  =ae  kCosu  t  +be  ycos(cJ  t  +<^  )  ® 


Fig. 3  Explanation  of  signal  input  from 
the  side  of  optical  fiber 


Equ.@  . 

E  ’=e  * ’ {a  cos©  cos(w  t+a  ) 

+b  sin©  cos(w  t+a  +ip  )} 

+  e  y  ’  {-a  sin©  cos(w  t+0  ) 

+b  cos©  cos(eu  t+0  +^  )}  @ 

Electric  field  E  a  of  polarizer  output 
light  is  expressed  by  Equ.(|)  ,  when 
polarization  angles  of  the  polarizer  is  r 
to  x’  coordinate. 


e  x=e  x  ’cos  ©  -ex’sin©  (a2+b2  =  1  ) 
e  y=e  y  ’sin©  +e  y  ’cos©  @ 

ex’  :  unit  vector  of  x’-direction 
ey’  :  unit  vector  of  y’-direction 

E  2  =a2  +b2 

Change  of  coordinate  (e  x,e  y)  to 

( e  x ’ , e  y ’ ) ,  E  is  expressed  Equ .©  . 

E  =a(e  x ’cos©  -e  x ’sin©  )cosw  t 

+b(  e  y’sin©  +e  y  ’cos©  )cos(w  t+<p  ) 

=  e  x  ’  {a  cos©  cosu)  t 
+b  sin©  cos(w  t+^  ) } 

+e  y ’ {-a  sin©  cosw  t 

+b  cos©  cos(w  t+<p  )}  @ 

When  stress  is  applied  the  orthogonal  in¬ 
dex  of  refraction  n  x  and  n  y  in  the  core 
of  the  optical  fiber  cnanges,  and  phase 
difference  a  (t)  and  0  (t)  occur  in  x  and 
y  direction. 

Then  electric  vector  E  ’  is  expressed 


E  d=D{a  cos©  cos(w  t+a  ) 

+b  sin©  cos ( u)  t+a  +<P  ))cosy 
+D{-a  sin©  cos(u)  t+0  ) 

+b  cos©  cos(w  t+0  +tp  )}siny 
=D[ {a  cos©  cosa 
+b  sin©  cos(a  +ip  )}cos y 
+D{-a  sin©  cos/3 

+b  cos©  cos{0  +tp  )}sin7  ]cosw  t 
=D[ {-a  cos©  sina 
-b  sin©  sin(a  +>P  )}cos7 
+D(a  sin©  si n/3  -b  cos©  sin(/3 
+P  )}sinr  ]sinw  t  © 

E  d=Acoso)  t+Bsinw  =E  oSin(w  t+z) 

E  o 2  =A2  +B2  =P  © 

D  -n?  /oMau?  iu?  r  ~~  ~  o  o - - 

-sin©  sin7  cos(a  -0  ) 

+ab{sin2©  sin27  cosip 
+cos2 ©  sin27  cos p  cos  (a  -0  ) 

+sin<//  sin(a  -0  )}]  © 

When  d=1,b=0  :  linearly  polarized  light 
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P  =D2  / 2  C 1  -cos2 6  cos 7 

-sine  sir  cos{a  (t)-/3  (t)}]  © 

When  a=1/V2,  b='  2,  =-7T  /2 

:  ellip^ically  polarized  light 

P  =D2 /2[  1  -sin2r  sin{a  ( t )  — /3  (t)}]  © 

sin{a  (t)-/3  (t )}  =  x  Vmsinw  mt 

When  the  stress  is  applied  through 
thickness  vibration  of  piezoelectric  ele¬ 
ment,  phase  difference  varies  according  to 
the  piezoelectric  element  drive  voltage  of 
Vmsinw  mt. 

By  this,  the  intensity-modulated  light 
from  polarizer  output  determined  by  the 
drive  voltage  of  the  piezoelectric  ele¬ 
ment  can  be  obtained  as  shown  in  Fig. 4. 
C2] 

-  Optical  cable  identifier  - 

For  the  optical  cable  identification, 
We  use  a  mechanical  vibration  of  signal 
to  the  optics  system  shown  in  Fig.1  to 
apply  a  stress  to  the  optical  fiber  from 
outside  of  the  cable.  By  this  method, 
photoelastic  effects  occur,  and  the  ap¬ 
plied  frequency  can  be  confirmed  also  by 
the  spectrum  of  polarizer  output.  Thus,  by 
injecting  a  light  into  one  fiber  in  the 
cable,  which  is  to  be  identified 
beforehand,  by  applying  mechanical  vibra¬ 
tion  signal  at  the  job  site,  and  by 
detecting  this  signal  at  the  photodetec¬ 
tion  side  at  office,  the  optical  fiber 

-office  side- 


/‘i  Phase  difference 


Drive  voltaje  Vm 

Fig.4  Piezo  drive  voltage  vs. 
polarizer  output 

cable  identifier  can  be  realized. 

The  circuits  actually  using  other  fibers 
are  not  affected  during  this  identifica¬ 
tion.  Furthermore  adjoining  optical  fiber 
cables  do  not  detect  the  signal  neither. 
-Optical  talk  set  tapped  on  to  an  optical 
f  iber- 

Fig.5  shows  the  principles  of  the  optical 
talk  set  which  does  not  need  cutting  the 
optical  fiber  on  the  job  site.  A  voice 
signal  can  be  sent  to  photodetection  side 
by  contacting  piezoelectric  element  driven 
by  a  voltage,  which  is  FM-modulated  by  a 
voice  signal.  By  this  up-calling  of  job 
site  to  office  can  be  realized.  And  by 
local  detection  method,  office  to  the  job 
site  of  down-call  will  be  possible. 
Directly  FM-modulated  light  by  voice  sig¬ 
nal  is  injected  from  office  side,  and  leak 
light  by  local  detection  is  detected  and 
demodulated  on  the  job  site. 


-job  site- 


loop 

back 


Fig. 5  Principles  of  optical  talk  set 
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3.  Feature  of  devices 

-  Optical  cable  identifier  - 

The  optical  cable  identifier  manufac¬ 
tured  for  a  trial  consists  of  the  signal 
inputting  tool  to  be  used  at  the  job  site 
and  the  optical  transmi tter/recei ver  to  be 
used  in  the  office.  The  signal  input  tool 
holds  the  cable  and  apply  mechanical 
vibration  of  approximately  350  Hz  as  a 
identification  signal.  The  applied 
frequency  is  set  to  be  higher  than  the 
frequency  regions  which  are  always  caused 
by  temperature  change  and  dancing  of  in- 
stalled  cable.  The  optical 
transmitter/receiver  consists  of  the  light 
source,  and  of  the  photodetector  and  sig¬ 
nal  comparator.  The  light  source  injects 
linearly  polarized  light  of  a  semiconduc¬ 
tor  laser  diode  operating  in  the  1.3  iu  m 
band  to  the  optical  fiber.  The  photodetec¬ 
tor  detects  the  light  from  the  optical 
fiber  in  needed  optical  cable,  which  is 
looped  back  connected  on  the  far  end 
through  the  polarizer.  The  signal  is 
demodulated  it  into  a  electric  signal 
identified  in  signal  comparator.  Allowable 
looped  optical  fiber  transmission  losses 
of  25  dB  could  be  confirmed  with  the  trial 
fabrication.  Fig. 6  shows  a  spectrum  of 
polarizer  output. 

-  Optical  talk  set  tapped  on  to  optical 
fiber  - 

Fig. 7  shows  a  spectrum  of  polarizer 
output  and  source  signal..  The  S/N  ratio 
of  the  demodulated  signal  is  sufficient 
for  speeches.  The  optical  talk  set 
without  cutting  optical  fiber  consists  of 
the  master  unit  used  at  M/IDF  in  the  of¬ 
fice  side  and  of  the  slave  unit  used  on 
the  job  sites. 

(Master  unit)  The  down-call  circuit 
uses  1.55  iu  m  as  a  light  source,  because 
it  has  a  large  amount  of  leak  light  by 
bending  on  the  slave  unit.  For  the  up- 
call  optical  fiber  for  talk  set  is  con¬ 
nected  by  looping  back  at  the  far  end. 
The  light  which  is  directly  FM-modulated 
by  voice  signal  from  the  microphone  of  the 
master  unit  is  also  modulated  by  FWEM  at 
the  job  site  of  slave  unit,  and  inputs  to 
the  polarizer  and  demodulates  signal  from 
slave  unit.  The  carrier  frequency  of  both 
FM-modulated  signal,  is  455  KHz  for  down- 
call  by  direct  modulation  and  1  MHz  for 
up-call  by  PWEM. 


IQdB/div 


Fig.6  Spectrum  of  polarizer  output 
in  optical  cable  identifier 


IQdB/div 


By  PWEM 


Source 


Fig. 7  Spectrum  of  polarizer  output 
in  optical  talk  set 


Fig.8  Tapping  tool  of  talk  set 


(Slave  unit)  The  Tapping  tool  that  set 
ribbon  fiber  without  cutting  it  consist  of 
two  parts.  One  is  which  bends  the  optical 
fiber  and  detects  the  leak  light  for  the 
down-call  reception  and  the  other  is  the 
tool  to  press  the  optical  fiber  on  the 
piezoelectric  device  for  PWEM  signal  in¬ 
put.  Insertion  loss  of  local  detection 
tool  is  less  than  0.4  dB  at  1.3  u  ,.i  and  of 
PWEM  tool  is  0  dB.  Fig. 8  shows  a  tapping 
tool  of  slave  unit. 

(Speech  performance)  Allowable  transmis¬ 
sion  losses  of  looped  optical  fiber  for 
up-call  is  more  than  25  dB  arid  allowable 
transmission  loss  between  master  and  slave 
unit  for  down-call  is  more  than  20  dB. 
No  influence  are  caused  to  the  live  opti¬ 
cal  fiber  even  if  the  tools  using 
piezoelectric  device  are  applied  to  it  by 
mistake. 
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4.  Operation  of  the  devices 

Fig.  9  shows  the  operation  modes  of  the 
devices.  In  the  optical  cable  identifica¬ 
tion  process,  one  end  of  the  vacant  opti¬ 
cal  fiber  of  the  workable  cable  is  loop- 
back  connected,  and  optical 
transmitter/receiver  is  connected  to  the 
optical  fiber  at  the  other  end.  Iden¬ 
tification  is  performed  by  installing  the 
signal  inputting  tool  to  the  needed  opti¬ 
cal  cable  at  the  job  site.  Identification 
signal  is  received  at  the  office  side. 

After  optical  cable  identification,  com¬ 
munication  line  will  be  set.  Communication 
line  by  talk  set  is  installed  by  loop-back 
connecting  one  end  of  vacant  optical  fiber 
in  advance  and  connecting  the  other  end  to 
the  master  unit.  On  the  job  site,  cable 
sheath  is  stripped  off,  and  the  closure  is 
removed  and  the  tapping  tool  of  slave  unit 
is  set  to  the  optical  fiber. 

Fig. 10  shows  a  operating  mode  of  optical 
talk  set. 


5.  Conclusion 

Polarized-wave-external-  modulation 
method  is  studied.  Device  to  support 
identification  of  optical  fiber  cable  and 
optical  talk  set  has  been  developed.  At 
present,  studies  are  made  to  enhance  the 
handling  and  usage  in  commercial  applica¬ 
tions. 
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PREDICTING  FIBER  PROTRUSIONS  FROM  CONNECTORS  WITH  LINEAR  PLATE  THEORY 


J.  M.  Anderson  K.  B.  Bradley 

AT&T  Bell  Laboratories,  Norcross,  Georgia  30071 


ABSTRACT 

Conventional  connector  designs  appear  unable  to  meet  the 
performance  requirements  of  systems  operating  at  rates  of 
565  Mb/s  and  higher.  Reflections  generated  at  connections 
in  these  systems  degrade  laser  stability  and  limit  system 
performance.  Physical-contact  (PC)  connectors  udlize  fiber 
protrusions  to  decrease  reflections.  One  such  connector, 
the  single-mode  ceramic-ferrule  type,  will  exhibit 
consistently  low  insertion  loss  and  return  loss  on  the  order 
of  -40  dB  if  a  protruding  fiber  configuration  is  used.  This 
memorandum  describes  a  method  of  predicting  fiber 
protrusions  for  physical-contact  connectors  polished  on 
compliant  pads. 


INTRODUCTION 

The  demand  for  single-mode  fiber-optic  systems  operating 
at  high  data  rates  has  spawned  a  need  for  the  development 
of  high  performance  connectors.  Conventional  connector 
designs  appear  unable  to  meet  the  performance 
requirements  of  systems  operating  at  rates  of  565  Mb/s  and 
higher.  Significant  problems  in  systems  operating  at  high 
rates  result  from  Fresnel  reflections  since  the  reflected 
optical  power  can  be  diffused  back  into  the  laser  cavity 
degrading  laser  stability.  In  a  typical  system  operating  at 
565  Mb/s,  a  return  loss  of  -30  dB  is  large  enough  to  prevent 
optical  power  feedback  from  causing  unstable  operation  of 
the  laser. 

Return  losses  of  -30  dB  and  higher  have  been  accomplished 
in  several  ways.  In  the  "angle-butt"  method,  the  connector 
ferrules  are  polished  so  that  the  ferrule  end  is  not 
perpendicular  to  its  longitudinal  axis.  This  configuration 
has  produced  acceptable  return  loss  when  used  in  such 
connectors  as  the  slant  biconic.  Return  loss  can  also  be 
increased  with  the  use  of  index-matching  gels  applied  at 
the  interface  between  fiber  ends.  Another  method,  growing 
in  popularity,  is  the  convex  physical-contact  configuration 
in  which  the  fibers  contact  each  other  under  pressure.  This 
results  in  lower  insertion  loss  and  reduced  reflection;  it  also 
diminishes  the  chance  ot  dust  particles  introducing  an  air 
gap  between  fiber  ends.  Of  particular  interest  is  the  single¬ 
mode  straight-tipped  connector  which  exhibits  consistently 
low  insertion  loss  and  return  losses  on  the  order  of  -40  dB 
when  fiber  protrusions  of  1  to  2  pm  are  used.  A  0.1° 


maximum  variation  in  perpendicularity  at  the  end  of  the 
single-mode  ceramic  capillary  is  such  that  protrusions  as 
small  as  0.5  pm  consistently  result  in  mated  fiber  ends 
meeting  under  pressure.  Because  of  the  growing  demand 
for  this  type  of  high-performance  connector,  a  simple 
method  for  predicting  fiber  protrusion  obtained  via  various 
polishing  techniques  has  been  developed. 

Figure  1  illustrates  the  method  by  which  a  connector  with  a 
ceramic  ferrule  is  polished  to  obtain  fiber  protrusion.  The 
connector  is  placed  in  a  polishing  fixture,  and  the  fiber  end 
is  polished  by  sliding  it  over  the  polishing  surface  with  a 
light  downward  pressure.  It  has  been  observed  that  fiber 
protrusions  asymptotically  approach  a  specific  length 
following  a  large  number  of  polishing  strokes  under 
constant  pressure.  When  this  routine  is  represented  by  a 
model  based  on  linear  plate  theory,  the  asymptotic  fiber 
protrusion  may  be  predicted  after  specifying  parameters 
such  as  average  polishing  force,  lapping-film  thickness, 
effective  ferrule  radius,  and  the  compliance  of  the  pad. 

MODEL  DESCRIPTION 

The  compliant  polishing  pad  is  modeled  as  a  laterally 
loaded  plate  resting  on  an  elastic  foundation  or  subgrade  as 
shown  in  Figure  2.  For  small  numbers  of  polishing  strokes, 
both  the  fiber  and  the  ceramic  ferrule  carry  loads  to  the 
polishing  surface;  however,  as  the  polishing  continues,  the 
glass  fiber  is  polished  down  such  that  the  entire  load  is 
carried  by  the  ceramic  ferrule.  This  load  is  assumed  to  be 
distributed  over  a  ring  area  because  this  is  the  only  region 
of  the  ferrule  that  comes  into  contact  with  the  polishing 
surface  following  a  large  number  (approximately  50)  of 
polishing  strokes.  Also,  because  the  attrition  of  the  glass 
fiber  is  much  faster  than  the  ceramic  ferrule,  the  wear  of 
ceramic  can  be  neglected.  Therefore,  the  asymptotic  load 
on  the  compliant  pad  after  50  strokes  may  be  taken  as 
shown  in  Figure  3.  The  effect  of  the  polishing  fixture  is 
neglected  because  most  of  the  applied  pressure  is  supported 
at  the  ferule  tip.  Assuming  that  the  local  reaction  of  the 
foundation  is  proportional  to  the  plate  deflection  w  the 
reaction  intensity  is  given  by  the  expression  kw.  The 
constant  k,  expressed  in  pounds  per  square  inch  of 
deflection,  is  called  the  foundation  modulus.  The 
governing  differential  equation  in  cylindrical  coordinates 
for  a  symmetrically  bent  plate  resting  on  an  elastic 
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foundation  and  experiencing  a  uniformly  distributed  load 
is11' 


d2  1  d 

d2w  1  dw_ 

dr 2  r  dr 

dr2  r  dr 

where  r  is  measured  radially  from  the  center,  q  is  the 
uniform  pressure,  and  D  is  the  flexural  rigidity  of  the  plate; 
i.e., 


£>  = 


Eh? 

12(1— v2)  ’ 


(2) 


in  which  E  is  Young’s  modulus,  h  is  the  plate  thickness, 
and  v  is  Poisson’s  ratio.  The  solution  to  (1)  is  simplified  by 
introducing  the  notation 


(3) 


EXPERIMENTAL  PROCEDURE  AND  RESULTS 

To  check  the  accuracy  of  the  model,  six  5-mil  diameter 
fiber  ends,  terminated  in  ceramic-ferrule  type  connectors, 
were  polished.  First,  a  dry,  rough  polish  was  performed  on 
a  polishing  film  which  uses  5-pm  aluminum  oxide  particles 
as  the  wear  agent  on  a  2-mil  layer  of  Mylar  backed  by  a 
foam  layer  approximately  11 -mils  thick.  This  step  was 
performed  to  remove  excess  epoxy  from  the  ferrule  end. 
Next,  a  wet,  fine  polish  was  performed  using  polishing 
paper  which  consisted  of  a  4-mil  polyester  layer  under 
1.5pm  cerium  oxide  particles.  This  paper  was  placed  on  a 
polishing  cloth,  which  served  as  the  compliant  subgrade. 
The  compliance  of  the  polishing  cloth  was  determined 
experimentally.  In  the  experiment,  a  2  X  2  inch  piece  of 
the  cloth  was  deflected  by  a  40-mil  diameter  pin.  The 
deflections  caused  by  incremental  1 -pound  loads  were 
recorded  and  are  shown  in  Figure  7.  The  average  modulus 
of  the  polishing  cloth  was  determined  to  be  approximately 
350,000  psi/in. 


where  /  is  in  inches.  Letting  x  =  rll,  a  dimensionless 
independent  variable,  the  general  solution  to  (1)  is 

w  =  qlk  +  Ciber(x)  +  Cibei(x)  (4) 

+  C3  ker  (x)  +  C4  kei  (x)  , 

in  which  Ci,C2,C3,andC4  are  constants.12*  The  functions 
ber  and  bei  are  the  respective  real  and  imaginary  parts  of  a 
Bessel  function  of  the  first  kind,  and  ker  and  kei  are  the 
respective  real  and  imaginary  parts  of  a  Bessel  function  of 
the  second  kind.*3*  Under  linearizing  assumptions, 
reactions  and  shear  forces  are  proportional  to  loading. 
Thus,  moments,  slopes,  and  deflections  are  linear  functions 
of  the  applied  load.  For  this  reason,  superposition  was  used 
to  determine  the  deflection  of  the  complaint  polishing  pad 
under  the  loading  shown  in  Figure  3.  Figure  4  illustrates 
how  superposition  is  used  to  evaluate  the  deflection  of  the 
pad  using  solutions  which  are  readily  available.  For  the 
situation  shown  in  Figure  4,  the  total  deflection  of  the  plate 
is 


IV  =  Wj  +  w2  , 


(5) 


where  wi  is  the  deflection  resulting  from  a  uniform  load 
distributed  over  a  circular  area  of  20-mil  radius  and  w2  is 
the  deflection  due  to  an  opposing  uniform  load  acting  over 
a  circular  area  of  15-mil  radius.  The  area  over  which  the 
load  is  assumed  to  be  distributed  was  determined  by 
selecting  the  area  which  yielded  theoretical  protrusions  in 
line  with  protrusions  already  documented.  A  typical 
deflection  profile  obtained  using  this  method  is  shown  in 
Figure  5.  Only  half  of  the  profile  is  shown,  but  the  entire 
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deflection  of  the  complaint  pad  during  polishing,  the 
amount  of  fiber  protrusion  is  determined  as  shown  in 
Figure  6.  A  computer  program  performs  all  the 
computations  necessary  to  determine  fiber  protrusion. 


A  special  polishing  tool  was  used  which  allowed  for 
precise  control  of  polishing  loads.  A  schematic  of  the  tool 
is  shown  in  Figure  8.  Touching  only  the  outside  ring  when 
polishing,  the  weighted  polishing  tool  automatically 
applied  the  desired  polishing  pressure  to  the  ferrule  end. 
Two  connectors  were  polished  for  each  of  0.402, 0.604  and 
0.814-pound  loads.  Each  connector  was  polished  using  50 
strokes  as  shown  in  Figure  8.  The  asymptotic  fiber 
protrusions,  measured  using  an  interferometer,  are  shown 
in  Figure  9.  The  predicted  protrusions  were  obtained  by 
setting  the  parameters  in  the  computer  model  as 
follows:  Young’s  modulus  of  the  polising  paper  to  550,000 
lb/in2,  Poisson’s  ratio  to  0.5,  and  the  thickness  of  the 
polishing  film  to  4  mils.  It  is  clear  from  the  plot  that  the 
model  can  predict  fiber  protrusions.  Illustrating  the  power 
of  the  method  as  a  tool  for  identifying  polishing  techniques 
and  materials,  the  plot  shown  in  Figure  10  is  representative 
of  how  polishing-pad  compliance  and  polishing  pressure 
affect  fiber  protrusion. 

The  curvature  of  the  fiber  end  is  also  a  parameter  which 
must  be  controlled  to  reduce  reflections  and  protect  the 
integrity  of  the  protruding  end.  Assuming  the  fiber 
asymptotically  takes  the  shape  of  the  paper  during 
polishing,  the  model  can  predict  the  curvature  of  the  fiber 
end.  The  plot  shown  in  Figure  1 1  illustrates  the  effects  of 
polishing-pad  compliance  and  polishing  pressure  on  the 
curvature  of  the  fiber  end.  The  curvatures  shown  are  the 
values  obtained  at  the  fiber  center. 

CONCLUSION 

The  work  described  supports  the  use  of  physical-contact 
(PC)  connectors  by  demonstrating  the  feasibility  of  using 
linear  plate  theory  as  a  tool  to  predict  fiber  protrusion.  The 
ability  to  predict  protrusions  of  optical  fibers  is  important 
in  identifying  materials  and  techniques  which  produce 
interfaces  optimizing  the  performance  of  connectors  in 
single-mode  fiber-optic  systems  operating  at  rates  higher 
than  565  Mb/s. 
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FIGURE  I.  POLISHING  TECHNIQUE  USED  TO  OBTAIN  FIBER  PROTRUSION 


THIN  PLATE 


FIGURE  2.  POLISHING  OF  A  CERAMIC  ST’CONNECTOR  MODELED  AS  A  LATERALLY 
LOADED  PLATE  ON  AN  ELASTIC  FOUNDATION 
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FIGURE  3.  EFFECTIVE  LOADING  DURING  POLISHING 


FIGURE  i.  SUPERPOSITION  USED  TO  MODEL  POLISHING  PRESSURE 
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FIGURE  5.  TYPICAL  THEORETICAL  DEFLECTION  PROFILE 


FIGURE  7.  COMPLIANCE  OF  BUEHLER  POLISHING  CLOTH 


FIBER  PROTRUSION  =  h 

=  w((?r  =  0)  -  w((3r=  0.015  In.) 

FIGURE  8.  FIBER-PROTRUSION  CALCULATION 


50  FIGURE-EIGHT 
STROKES 


FIGURE  8.  POLISHING  TECHNIQUE  USED  IN  EXPERIMEMT 
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E  (polishing  film)  •  550,000  psi 
Film  Thickness  «  0.004  inches 


FIGURE  9  COMPARISON  OF  MEASURED  AND  PREDICTED  FIBER  PROTRUSIONS 


Fiber 

Protrusion  (microns) 


E  (polishing  film) »  550,000  psi 
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FIGURE  10.  INFLUENCE  OF  POLISHING-PAD  COMPLIANCE  ON  FIBER  PROTRUSION 
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FIGURE  It.  INFLUENCE  OF  POLISHING-PAD  COMPLIANCE  ON  RADIUS  OF 
CURVATURE  OF  FIBER  END 
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ABSTRACT 

A  maintenance  system  for  optical 
transmission  line  is  newly  developed.  It 
includes  an  optical  fiber  submersion 
sensor.  The  sensor  fiber  is  stored  in  an 
optical  cable  all  along  the  line  with  a 
water  swellable  yarn.  When  water  immerse 
into  the  cable,  a  water  swellable  yarn 
expands  its  volume,  and  gives  the  sensor 
fiber  lateral  force  to  increase  loss 
attenuation.  Observing  the  loss  change  of 
the  sensor  fiber  by,  for  example,  O'.  uR, 
submersion  points  are  able  to  search.  In 
this  work,  we  have  newly  designed  a 
submersion  sensor  using  a  single  mode 
optical  fiber,  and  investigated  its 
performances.  Furthermore,  to  get  the 
behavior  of  the  water  swellable  yarn,  we 
considered  reliability  of  the  whole  sensor. 


1 .BACKGROUND 

For  maintenance  of  transmission 
lines,  gas-pressurized  maintenance  sy^'ein 
is  generally  applied.  But  recently,  in 
case  of  optical  transmission  lines, 
another  maintenance  system  is  proposed. 
That  requires  water-blocking  structured) 
for  cables  and  new  checking  system  for 
every  part  of  the  line.  A  distributed 
submersion  sensor  is  one  of  the  most 
promising  systems  for  checking  a  state  of 
the  lines.  As  single-mode  fibers  are 
widely  used  now,  it  is  particularly 
attractive  to  apply  a  single-mode  fiber 
for  the  sensor  fiber  instead  of  a  multi- 
mode  fiber. 

The  distributed  submersion  sensor 
using  a  multi-mode  optical  fiber  was 
already  investigated. (2)  But  a  sensor 
using  single-mode  fiber  has  advantages  of 
low  loss  and  easiness  of  controlling  the 
loss  increment  of  the  fiber.  And  it  is 
considered  that  single-mode  fibers  are 
applicable  to  the  total  maintenance 
system.  In  this  work,  we  have  chosen  a 
single-mode  fiber  for  the  sensor  instead 
of  a  multi-mode  fiber  to  realize  these 


schemes.  Since  the  characteristics  of 
bending  differs  between  a  single-mode  and 
a  multi-mode  fiber,  we  investigated  a 
mechanism  of  loss  increment  of  a  single¬ 
mode  fiber.  As  a  result,  we  have  succeeded 
to  develop  a  submersion  sensor  using  a 
single  mode-fiber. 

The  most  important  parts  of  newly 
developed  maintenance  system  are 
submersion  sensors  and  sensing  systems. 
One  powerful  technique  of  submersion 
sensing  is  OTDR  (Optical  Time  Domain 
Ref lectmeter)  loss  analyzing  technique 
automatically  controlled  by  computers.  We 
have  made  special  efforts  on  developing 
the  sensor  fiber. 

With  further  consideration  about  the 
characteristics  of  the  submersion  sensor, 
these  criteria  are  required  to  single-mode 
fiber  sensors. 

1 ) Rapid  responsibility. 

2)  Enough  sensitivity  for  OTDR 
measurement. 

3)  Suitable  value  of  saturated  loss 
for  OTDR  measurement. 

4 (Stability  of  saturated  loss. 

5) No  dependence  on  kinds  of  water 
immersed  into  the"  cable. 

Using  OTDR  for  monitoring  the  fiber 
loss,  the  loss  increment  of  the  fiber 
should  be  large  enough  to  sense  by  OTDR 
and  within  the  dynamic  range  of  OTDR.  So 
the  value  of  loss  increment  should  be  in 
the  range  from  about  0.5  dB  to  about  5  dB. 

Some  of  the  criteria  disagree  with 
the  requirements  to  guarantee  a  cable 
characteristics  such  as  stretching, 
bending,  etc.  So  we  made  compromises  on 
these  occasion.  Concerning  about  the  fifth 
criterion,  we  developed  new  water 
swellable  material  by  controlling 
composition  of  polymers  so  as  to  sense  in 
any  kinds  of  water. 


2. PRINCIPLE 

An  optical  fiber  cable  with 
submersion  sensor  consists  of  sensor  fiber 
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4-fiber  ribbon 


Tension  member 

Fig.l  Cross  secton  of  100-fiber  cable 
with  optical  submersion  sensor. 


Water  swellable 
yarn 

Fig. 2  Details  of  the  sensor  part. 


and  water  swellable  yarn.  Fig.1  shows 
schematic  view  of  investigated  cable.  This 
structure  is  typical  100-fiber  cable. 
Fig. 2  shows  details  of  the  sensor  part. 
When  water  immerse  into  the  cable  through 
the  sheath,  water  swellable  yarn  expands, 
and  give  lateral  force  to  the  sensor 
fiber.  These  processes  are  shown  in  Fig. 3. 
Several  structures,  for  example,  a  fiber 
stranded  on  a  water  swellable  yarn,  or 


stranded  with  self  shrinking  yarn,  etc, 
were  investigated. 

As  well  known,  there  are  two  loss 
increase  mechanisms  in  single-mode  fiber 
cables.  One  is  macro-bend  and  the  other  is 
micro-bend.  Macro-bend  is  called  uniform- 
bend  in  other  words. 

Recently,  fiber  sensors,  which 
originate  in  loss  increase  of  the  fiber 
caused  by  physical  perturbation,  come  into 
practical  use  such  as  a  pressure  sensor. 
In  this  study,  the  cable  structure  was 
determined,  as  the  main  factor  of  loss 
increase  is  micro  bendings. 

Sensor  structure  shown  in  Fig. 3(b)  is 
one  of  the  micro-bend  sensor 
configurations  and  that  is  favorable  for  a 
single  mode  fiber  from  the  view  point  of 
controllability  and  stability  in  sensor 
performance. 


Supporting  rod 


Fig. 3  Princple  of  submersion  sensing. 


3. EXPERIMENTAL 

At  first,  time  response  of  the  sensor 
was  examined  for  pure  water,  salt 
solution,  and  seawater.  Salt  solution  is 
NaCl  and  CaC12  mixed  solution  imitated 
water  in  manholes.  Pig, 4  shows  the  block 
diagram  of  submersion  sensing  test.  A 
cable  sample  with  5mm  cut  in  the  middle  of 
the  sheath  submerged  into  a  water  bath  at 
the  temperature  of  25°C,  watching  the 
attenuation  change  of  the  sensor  fiber  at 
the  wavelength  of  1.55pm. 
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Cable  sample 


Water  bath 


Fig. 4  Block  diagram  of  submersion 
sensing  test. 


5. CONCLUSION 

From  the  experimental  results,  it  is 
clear  that; 

1 ) The  attenuation  increase  is  up  to 
about  0.3  dB  in  seawater,  and  up  to 
0.6  dB  in  pure  water. 

2 ) The  attenuation  increases  are 
saturated  in  about  3  or  4  hours  in 
every  kind  of  water,  and  are  kept 
constant. 

3) The  added  loss  of  the  sensor  is 
in  the  order  of  seawater,  salt 
solution,  and  pure  water. 

Finally  it  is  proved  that  the  sensor 
works  well  in  various  kinds  of  water,  and 
shows  good  performance  and  reliability. 
Therefore,  the  proposed  system  is 
applicable  to  constitute  for  the 
conventional  gas-pressurized  maintenance 
system. 


4. RESULTS 

The  experimental  results  is  shown  in 
Fig. 5.  The  added  losses  are  up  to  0.3 -0.6 
dB  for  each  kind  of  water.  These  values 
are  suitable  enough  for  loss  measurement 
by  OTDR.  And  for  the  three  waters  the 
added  losses  all  saturate  in  3  or  4  hours 
from  submersion  and  these  are  kept 
constant.  The  saturate  value  of  the  added 
loss  are  in  the  order  of  seawater,  salt 
solution,  and  pure  water.  This  order 
corresponds  to  the  ionic  strengt’.  of  three 
kinds  of  water,  because  the  expand  rate  of 
water  swellable  yarn  differs  for  each 
water. 


Time  /  hour 

Fig. 5  Time  responce  of  the  sensor. 
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ABSTRACT 

A  new  optical  power  measuring  system  that 
can  realize  the  high  efficient  measurement 
for  fiber  ribbons  has  been  developed.  The 
measurement  of  the  optical  powers  from  all 
cores  of  a  fiber  ribbon  can  be  automati¬ 
cally  completed  within  a  minute  with  one 
time  operation. 

The  system  consists  of  LED  light  sources 
and  an  optical  powermeter,  and  they  have 
some  excellent  features. 

A  new  original  method,  forward  light 
feedback  (FFB),  has  been  developed  in 
order  to  stabilize  the  light  from  the  LED 
light  source.  The  FFB  method  is  the  key 
technology  that  achieves  the  high  stabili¬ 
ty  and  the  high  efficiency  of  this  system. 
The  optical  powermeter  identifies  the 
optical  power  from  each  core  of  a  fiber 
ribbon  without  synchronous  signals. 

This  system  can  be  applied  up  to  12  fiber 
ribbons  at  the  wavelengths  of  1.31  urn, 
1.55  urn  and  0.85  um,  and  can  realize  the 
measurement  of  more  than  30  dB  fiber  loss 
at  1.31  um.  It  takes  only  between  23  and 
44  seconds  to  complete  measuring  a  12 
fiber  ribbon. 

1.  Introduction 

Recently  optical  fiber  networks  are 
rapidly  expanding.  At  the  same  time,  high 
fiber  count  cables  such  as  ,1000  fiber 
optical  cables  are  required.'1*  Optical 
fiber  ribbons  have  been  adopted  in  many 
high  fiber  count  cables  on  account  of 
their  compact  size  and  the  advantage  of 
mass  splice'2*.  The  optical  accessories, 
tools  or  equipments  for  fiber  ribbons  have 
been  also  developed.  It  is  expected  that  a 
fiber  ribbon  is  the  main  structure  of 
optical  fiber  cables  for  future  optical 
fiber  networks. 

It  is  indispensable  to  measure  the  trans¬ 
mission  loss  of  optical  fibers,  the  splic¬ 
ing  loss  or  the  insertion  loss  of  optical 
components  in  fiber  optics.  Conventional 
optical  power  measuring  methods  are  de¬ 
signed  for  single  fibers,  not  suitable  for 
fiber  ribbons.  Now  increasing  the  demand 
of  fiber  ribbons,  it  is  strongly  desired 
that  the  new  measuring  method  fitting  to 
the  structure  of  fiber  ribbons  appears. 


This  report  describes  a  new  optical  power 
measuring  system  for  fiber  ribbons  that 
has  performed  high  stable  and  high  effi¬ 
cient  measurement. 

2.  Outline  of  the  system 

2.1  System  configuration 
The  system  consists  of  LED  light  sources 
and  an  optical  powermeter.  Fig.l  shows  the 
system  configuration  for  a  8  fiber  ribbon 
as  an  example.  The  one  end  of  a  sample 
fiber  ribbon  is  connected  with  the  LED 
light  sources.  Usually  the  jumper  fiber 
cable  is  used,  which  has  single  connector 
ends  and  a  fiber  ribbon  end  shown  in 
Fig.l.  Another  end  is  connected  to  the 
optical  head  of  the  optical  powermeter. 
The  light  from  all  cores  of  fiber  ribbon 
is  detected  by  one  photo  diode. 


Multi-fiber  Connector 
or  Fusion  splice 


Fig.l  Systei  Configuration 

2.2  Description  of  operation 
The  LED  light  sources  turn  on  and  off 
according  to  the  certain  timing  shown  in 
Fig. 2,  therefore  the  optical  powermeter 
detects  the  series  of  optical  pulses.  One 
cycle  is  composed  of  an  all  channels-on 
pulse  and  each  channel-on  pulse.  They  can 
be  distinguished  by  measuring  the  pulse 
width.  All  channels-on  pulses  are  the 
separator  of  the  cycles  and  also  the 
start/end  trigger  to  the  optical  powerme¬ 
ter. 

The  optical  powermeter  searches  an  all 
channels-on  pulse  at  first.  After  detect¬ 
ing  the  pulse,  it  starts  to  measure  the 
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optical  powers  from  channel  1  to  channel  8 
and  stores  the  data  in  the  internal  SRAM. 
When  the  optical  powermeter  detects  next 
all  channels-on  pulse,  finishes  the  meas¬ 
urement. 

In  order  to  realize  the  operations 
described  above,  following  abilities  are 
required . 

1)  The  light  of  the  LED  light  source 
must  be  instantaneously  stabilized  with  no 
warm  up  after  switched  on. 

2)  The  optical  powermeter  is  required 
quick  response  to  the  optical  pulse. 


Channel  1 
Channel  2 
Channel  3 
Channel  4 
Channel  5 
Channel  6 
Channel  7 
Channel  8 

Optical  Head 


One  Cycle 
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Fig. 2  Tiaing  of  Optical  Pulses 


3.  Light  source 

3.1  Light  emitting  device 

LED  and  LD  are  often  used  for  many 
applications  in  fiber  optics.  I.D  is  supe¬ 
rior  to  LED  from  the  viewpoint  of  its  high 
fiber  coupled  power  and  narrow  spectrum. 
But  its  optical  power  is  easily  fluctuated 
by  the  reflected  power  from  the  ends  of 
the  connectors  or  the  other  optical  compo¬ 
nents.  It  is  difficult  to  control  and 
stabilize  the  spectrum  of  LD  to  the  tem¬ 
perature  change . ( 3 > 14  '  In  addition  the 
light  of  LD  is  polarized,  so  that  it  is 
not  available  in  some  applications.  There¬ 
fore  LD  is  not  suitable  for  high  stable 
measurements . 

On  the  other  hand,  the  light  of  LED  is 
almost  free  from  the  influence  of  reflect¬ 
ed  power  and  it  has  no  polarization.  LED 
is  adopted  in  thi«s  system  t o  realize  high 
stability  and  accuracy. 

Surface  emitting  LED  is  used  for  GI  fiber 
and  edge  emitting  LED  for  SM  fiber.  The 
edge  emitting  LED  has  an  advantage  of  high 
power  coupling  efficiency  to  SM  fibers. 
The  edge  emitting  LED  module  fitting  to 


the  usage  of  this  system  has  been  de¬ 
veloped  . 

3.2  Stabilizing  method  for  LED 

In  general,  there  are  two  well-known 
methods  to  stabilize  the  power  of  LED  as 
follows: 

1)  Temperature  compensation  method 

The  LED  drive  current  shall  be  changed 
according  to  the  previous  measured  temper¬ 
ature  characteristics  of  the  LED. 

2)  Temperature  control  method 

The  temperature  of  the  LED  device  shall 
be  kept  constant  by  a  micro  cooler,  etc. 

But  these  methods  are  not  available  to 
this  system  from  the  viewpoint  of  the 
instantaneous  stability. 

A  new  method  to  stabilize  the  light  of  an 
LED,  forward  light  feedback  (FFB)  method, 
has  been  developed.  The  FFB  method  is  the 
key  technology  to  this  system  and  has 
several  excellent  characteristics  as 
follows: 

1)  Instantaneous  stabilization  with  no 
warm  up. 

2)  High  stabilization  to  temperature 
change . 

3)  High  stabilization  to  long  time 
operation. 

4)  High  repeatability  to  turning  on  and 
off. 

The  features  are  compared  with  the  two 
conventional  methods  in  table. 1. 


Method 

Temperature 

Compensation 

Temperature 

Control 

FFB  Method 

instnataneous 

Stability 

Low 

Low 

High 

Stability  to 
Temperature 

Low 

High 

High 

Electrical 
_ Circuit 

Smal  1 

Large 

Small 

Adjustment 
of  Circuit 

Compl icated 

Simple 

Simple 

Supply  Current 
to  Circui t 

Smal  1 

Large 

Small 

Table.  1  Stabilizing  Methods  for  LED 


3.3  Principle  of  FFB  method 
Fig. 3  shows  the  block  diagram  of  the  FFB 
method  for  SM  fibers.  The  light  from  the 
LED  is  led  to  the  optical  wavelength  band 
pass  filter  that  limits  the  full  width 
half  max.  (FWHM)  less  than  20  nm.  The 
light  is  divided  into  the  optical  output 
and  the  monitor  photo  diode  by  high  stable 
fused  tapered  SM  fiber  coupler.  The  cur¬ 
rent  generated  at  the  photo  diode  is  fed 
back  to  the  LED  driver.  This  feedback  loop 
realizes  highly  stabilized  output  power, 
because  the  part  of  the  power  coupled  to 
the  fiber  is  used  as  the  feedback  signal. 
Also  the  center  wavelength  and  FWHM  have 
very  slight  fluctuation  even  if  the  origi¬ 
nal  spectrum  of  the  LED  has  more  fluctua¬ 
tion.  Fig. 4  shows  the  principle  of  the 
stabilization  to  temperature  change  for 
example.  It  can  be  easily  understood  that 
both  the  power  and  the  spectrum  are  stabi- 
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lized  at  the  same  time. 


Optical  Output 


Fig.  3  Block  Diagram  of  FFB  Method 


Fig. 4  Principle  of  FFB  Method 

3.4  Characteristics  of  FFB  method 
For  example,  the  characteristics  of  1.55 
urn  LED  light  source  for  SM  fibers  are 
shown  in  Fig. 5  to  Fig. 7.  The  power  stabil¬ 
ity  after  switched  on  is  shown  in  Fig.  5, 
the  power  stability  to  temperature  in 
Fig.b  and  tne  response  to  the  step  control 
signal  in  Fig. 7.  Compared  with  the  conven¬ 
tional  temperature  compensation  method, 
the  characteristics  are  much  improved. 
Especially  as  shown  in  Fig. 7,  the  power  is 
stabilized  within  20  ms  after  switched  on, 
and  this  excellent  feature  is  quite  unique 
to  FFB  method. 


□  FFB  Method  +  Conventional  Method 


Fig.  5  Power  Stability  after  Switched  On 


□  FFB  Method  +  Conventional  Method 
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Fig.  7  Response 

Table. 2  shows  the  characteristics  of  the 
two  types  of  LED  light  sources  for  SM 
fibers.  The  special  terms  in  Table. 2  are 
defined  as  follows: 

1)  Temperature  stability  is  the  maximum 
fluctuation  of  the  power  at  the  tempera¬ 
ture  from  0  to  40  deg. 

2)  Long  term  stability  is  the  maximum 
fluctuation  between  the  power  just  after 
switched  on  and  that  after  2  hours. 

3)  Short  term  stability  is  the  maximum 
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fluctuation  of  the  power  for  1  minute 
after  10  minutes  from  switched  on. 

4)  Repeatability  is  the  maximum  fluctua¬ 
tion  of  the  power  in  100  cycles  of 
switched  on  for  10  seconds  and  switched 
off  for  20  seconds. 


1  ten 

1.  3 lum  for  SM 

1. 55u*  for  SM 

Fiber  Coupled  Power 

-27.8  dB* 

-28.7  dBn 

Peak  Power  Wavelength 

.  1311  n* 

1553  n* 

FWHM 

18. 6  n* 

19.6  nn 

Te*perature  Stability 

0.03  dB 

0.  04  dB 

Long  Tern  Stability 

0.  02  dB 

0.02  dB 

Short  Tern  Stability 

0  dB 

0.01  dB 

_ Repeatability 

0.  01  dB 

0-02  dB _ 

Table.  2  Characteristics  of  FFB  LED  Light  Sources 


4.  Optical  powermeter 

4.1  General  description 

The  optical  powermeter  consists  of  the 
main  body  and  the  optical  head.  A  photo 
diode  is  used  as  a  light  detecting  device 
in  the  optical  head.  In  order  to  cover  the 
wide  measurement  range  and  to  keep  the 
high  resolution,  the  optical  powermeter 
has  several  ranges .  The  ranges  are  con¬ 
trolled  according  to  the  detected  power 
by  the  internal  micro  processor  automati¬ 
cally.  The  optical  powermeter  is  designed 
to  detect  modulated  lights  in  order  to 
reduce  the  influence  of  the  dark  current 
of  the  photo  diode. 

4.2  Improvement  of  response 

The  range  control  is  one  of  causes  of  the 
slow  response  to  optical  powermeters. 
Especially,  several  range  controls  de¬ 
grade  the  response  extremely. 

To  improve  the  response  and  keep  the 
stability,  two  different  types  of  A/D 
converters  are  used  in  the  optical  power¬ 
meter  shown  in  Fig.  8.  The  high  speed  and 
low  resolution  type  is  used  for  range 
control,  the  high  resolution  type  for 
measuring  optical  powers.  This  method 
realize  the  quick  range  control  with 
maintaining  the  high  accuracy. 


High  Speed 


Fig. 8  Block  Diagrai  of  Optical  powerieter 


4.3  Photo  diode 

A  large  diameter  photo  diode  is  adopted 
to  detect  the  lights  from  all  cores  in 
line.  The  diameter  of  the  photo  diode  is  5 
mm  to  meet  the  present  structure  of  fiber 
ribbons. 

The  spatial  non-uniformity  of  the  photo 
diode’s  sensitivity  is  important  factor 
because  it  affects  the  repeatability  of 
the  system  directly.  In  this  system  the 
value  is  only  0.03  dB. 

4.4  Functions 

The  optical  powermeter  has  following 
functions . 

1)  Auto  offset  function  cancels  the  dark 
current  of  the  photo  diode  and  the  offset 
of  amplifiers. 

2)  The  sensitivity  of  the  photo  diode 
dependent  on  the  wavelength  is  compensated 
by  setting  the  wavelength  from  the  front 
panel . 

3)  The  sensitivity  of  the  photo  diode 
dependent  on  the  temperature  is  compensat¬ 
ed  automatically  by  micro  processor. 

4.5  Performance 

The  optical  powermeter  has  following 
performances. 

1)  The  resolution  is  0.01  dB. 

2)  The  measurement  range  is  -10  to  -60 
dBm. 

3)  The  applicable  wavelength  range  is 
750  to  1800  nm. 

In  addition,  a  large  LCD  is  equipped  in 
the  main  body,  and  it  can  display  abso¬ 
lute,  relative  and  reference  values  of 
maximum  12  fiber  ribbon  at  the  same  time. 

5.  System  performance 

Fig. 9  shows  the  outside  view  of  the 
prototype  of  this  system.  The  system  can 
be  applied  up  to  12  fiber  ribbons  at  the 
wavelengths  of  850  nm,  1310  nm  and  1550 
nm. 

It  is  obvious  by  the  principle  that  the 
system  need  only  between  23  seconds  and  44 
seconds  to  complete  the  measurement  of  a 
12  fiber  ribbon.  The  measuring  time  is 
about  1/10  compared  with  the  conventional 
ways  of  measuring  each  core  one  by  one. 
Using  the  light  pulse  modulated  by  270  Hz 
,  the  dynamic  range  of  30  dB  is  realized. 
When  a  low  power  close  to  the  minimum 
detectable  power  (-60  dBm)  is  measured, 
the  system  can  average  the  data  of  the 
cycles  maximum  8  times  by  setting  the 
number  of  cycle  from  the  front  panel  of 
the  optical  powermeter  for  improving  the 
stability. 

The  total  fluctuation  of  the  prototype 
was  only  0.05  dB  at  the  temperature  of  0 
to  40  deg.  Actually  We  tried  to  measure 
the  loss  of  a  50  km  SM  8  fiber  ribbon  at 
1.31  urn,  the  results  were  almost  equal  to 
conventional  ways. 
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Fig. 9  Outside  View 


6.  Conclusion 

A  new  optical  power  measuring  system 
suitable  for  fiber  ribbons  has  been  de¬ 
veloped.  It  takes  advantage  of  the  struc¬ 
ture  of  fiber  ribbons  and  realizes  the 
much  reduction  of  the  measuring  time  with 
maintaining  the  high  accuracy. 

In  the  system,  two  significant  methods 
have  been  proposed  as  follows;: 

1)  FFB  method  provides  highly  stabilized 
LED  light  sources. 

2)  The  response  of  an  optical  powermeter 
is  improved  by  two  types  of  A/D  convert¬ 
ers  . 

It  is  expected  that  the  system  can  pro¬ 
vide  the  highly  efficient  measuring  envi¬ 
ronment  in  many  applications  for  fiber 
ribbons. 
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Abstract 


A  new  and  very  small  device  consisting  of 
an  optical  filter  and  a  single-mode 
optical  fiber  ribbon  has  been  developed. 
It  had  a  very  compact  design  and  an  extra 
low  insertion  loss  for  all  fibers  of  the 
ribbon.  A  four-fiber  ribbon  was  fixed  on  a 
V-grooved  substrate.  A  four-fiber  ribbon 
was  split  and  fixed  on  a  V-grooved 
substrate.  The  slit  was  formed  diagonally 
against  the  fiber  axes.  The  endfaces  of 
the  four  fibers  were  polished  to  mirror 
surfaces.  The  optical  loss  caused  by  the 
slit  width  was  about  0.3  dB  which  was  good 
agreement  with  the  theoretical  value.  An 
optical  filter  was  inserted  into  the  slit. 
It  was  confirmed  that  the  desired 
wavelength  selsct ivities  were  achioved  by 
the  charateristics  of  the  optical  filter. 
The  results  are  as  follows  :  insertion 
losses  -were  about  0.5  dB  at  1.31  urn  for 
four  fibers  and  more  than  50  dB  at  1.55 
um.  The  filter-embedded  optical  fiber 
ribbon  was  proven  to  have  such  excellent 
features  as  low  insertion  loss,  compact 
design  and  high  optical  reliability. 


J_.  .Introduction 

With  the  recent  rapid  trend  to  practical 
application  of  optical  fiber  communication 
systems,  optical  parts  possessing  varying 
features  have  been  finding  use  for  higher 
performance  and  expanding  applications  of 
such  systems.  Particularly  those  which 
have  wavelength  selectivity  been  given  an 
important  role  to  play  in  many  .  systems. 

Up  to  the  present  bulk  type1'  optical 
parts  consisting  each  of  a  combination  of 
very  small  lens,  prism,  etc.,  have  been 
developed  and  partly  put  into  practical 
use.  In  addition,  some  types,  which 
comprise  various  optical  elements  inserted 
into  a  joint  section  at  which  polished 
optical  fibers  are  butt  joined  to  each 
other  with  their  optical  axes  aligned, 
have  been  proposed.  With  these  parts, 
however,  minimization  of  insertion  loss, 
mass  production  and  miniaturization  are 
left  as  problems  yet  to  be  solved  in  the 
future . 


Moreover,  the  recent  trend  to  practical 
application  of  optical  fiber  cables  using 
optical  fiber  ribbons  has  stimulated 
demand  for  an  optical  part  that  is  well 
adapted  to  a  multifiber  optical  ribbon. 
Though  known  to  be  able  to  contribute  to 
attaining  higher  density  and  lower  costs, 
the  optical  part  for  use  with  the 
multifiber  ribbon  has  not  been  given  much 
consideration  because  of  the  difficulty  of 
aligning  the  optical  axes  of  many  optical 
elements  with  high  precision  . 

We  have  developed  an  optical  part 
called  "Low-Insertion-Loss  Filter- 

Embedded  optical  fiber  ribbon".  This 
optical  part  is  fabricated  by  embedding  a 
small  optical  filter  in  a  single-mode 
fiber  ribbon.  In  this  paper,  we  describe 
the  characteristics,  construction  and 
other  features  of  this  optical  part. 


2.  Construction^ 

The  basic  construction  of  this  optical 
part  is  shown  in  Fig.  1  and  the  external 
view  in  Fig.  2.  A  four-fiber  ribbon  Is 
fastened  on  a  substrate  having  four  V- 
grooves.  A  dielectric  multilayer-film 
filter  chip  capable  of  selecting  desired 
wavelengths  is  inserted  and  fastened  in  a 
slit  formed  in  the  ribbon. 


Fi Iter  Chi? 


Fig,  1  Constriction  of  Filter — 
Embedded  Op  t i c  n  t  Fiber  Ribbon . 
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Flg.l  External  view  of 
Fi  I l e  r-Rmbedd e  d  Optical 
Fiber  Ribbon . 


The  Filter-Embedded  Optical  Fiber  Ribbon 
is  fabricated  by  the  procedure  shown  in 
Fig.  3. 

(1)  Bond  a  four-fiber  ribbon,  stripped 
of  its  center  shoath,  with  adhesive 
to  a  substrate  having  four  V-grooves. 

(2)  Form  a  slit  in  the  middle  of  the 
ribbon  so  as  to  extend  to  the 
substrate,  using  a  fast-revolving 
thin  ceramic  blade.  Then  mii'ior 
finish  the  inner  surface  of  the  slit 
and  the  end  faces  of  the  four  fibers 
with  an  abrasive-containing  grinding 
fluid.  The  slit  is  about  45  um  wide. 
With  this  fiber  ribbon,  it  is 
unnecessary  to  align  the  optical 
axes  of  the  fibers  facing  each  other 
across  the  slit. 

(3)  Insert  a  filter  chip  into  the 
formed  very  small  slit  and  bond  it 
with  optical  adhesive.  The  filter 
chip  used  was  a  30  um  thick  chip 
thinned  by  lapping  its  substrate 
side . 


These  components  are  packaged  in  an 
aluminum  case  and  fixed  therein  with  a 
filler-added  resin.  The  optical  part  is  of 
a  very  compact  design  with  a  diameter  of  5 
mm  and  a  length  of  35  mm. 

Thus  the  optical  part  comprises  only  a 
small  number  of  components  and  does  not 
require  aligning  of  optical  axes,  so  it 
can  be  fabricated  very  easily. 


3.  Optical.  Characteristics 

The  filter  used  was  a  short-wavolength- 
pass  filter  which  passes  wavelengths 
around  1.31  um  and  cut  offaround  1.55  um. 
An  example  of  the  optical  characteristics 
of  the  filter  embedded  in  the  fiber 
ribbon  is  given  in  Table  1.  An  example  of 
the  loss  spectrum  for  the  passing  band  is 


given  in 

Fig. 

4  and  that  for  the 

cut 

off 

band  in 

Fig. 

5.  The  cut  off 

for 

the 

passing 

band 

was  measured 

by 

a 

monochromator 

and  that  for  the 

cut 

off 

band  by  a  variable  wavelength  laser  diode. 
The  fiber  ribbon  used  was  a  single-mode 
type  of  about  9.5  um  in  M.F.D.  The  filter 
was  inserted  with  an  angle  of  inclination 
of  about  8*  to  the  optical  axes  of  the 
fibers  to  increaso  the  return  loss. 


Table  1  Optical  characteristic* 
of  Filter-Embedded  Optical  Fiber 
El bbon. 


INSERTION 

LOSS 

*tt.  SUM 

INSERTION 

LOSS 

*tl. S5*m 

RETURN 

LOSS 

•  tl.  SUM 

RETURN 

LOSS 

•  tl.  56*m 

POLAR  1  - 
ZATION 
•  tl.  SUM 

#1 

0.  47dB 

6  7  d  B 

B  1  dB 

4  8  d  B 

i.  ox  • 

#2 

0.  4  6  d  B 

6  7  d  B 

BSdB 

6  0  d  B 

0.  6X 

#3 

0.  4  4  d  B 

6  8  d  B 

5  0  d  B 

4  8  d  B 

1.  OX 

*4 

0.  45dB 

6  8  d  B 

4  9  d  B 

-  4  7d  B 

0.  9X 

The  insertion  ioss  at  1.31  um  is 
considered  attributable  mainly  to  the  sum 
of  the  insertion  loss  by  the  gap  between 
the  fibers  and  the  transmission  loss 
at  the  .filter  element.  The  theoretical 
values^'  of  gap  loss  are  shown  in  Fig.  6. 
With  a  slit  width  of  45  um,  a  loss  of 
about  0.3  dB  is  expected.  The  loss  of  the 
filter  element  is  about  0.15  dB  at  1.31um. 
The  sum  of  the  two  losses  well  agree  with 
the  data  of  Table  1.  The  four  fibers  in 
the  ribbon  exhibit  nearly  the  same 
characteristics .  The  total  insertion  loss 
is  very  small  because  of  the  design  which 
substantially  eliminates  optical  axis 
misalignment . 
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Fig.  4  I. Oku -Spectrum  for  the 
panning  hand  of  the  Filter- 
Embedded  Optical  Fiber  Ribbon. 


WAVELENGTH  [jib] 

Fig.  5  l.onn-Spectrum  for  the 
cut  off  band  of  the  Filter- 
Embedded  Optical  Fiber  Ribbon. 


The  small  irregularities  of  the  loss- 
wavelength  curve  for  the  passing  band  are 
nearly  tho  same  with  those  of  the  loss 
spectrum  of  tho  filter  element.  This 
indicates  that  tho  characteristics  of  the 
filter  element  are  represented  us  they  are 
except  for  tho  gap  loss. 

Tho  insertion  loss  at  1.55  um  is 
virtually  determined  by  tho 
characteristics  of  tho  filter  elomont.  The 
data  of  Tablo  1  and  Fig.  5  show  that  the 
characteristics  of  the  filter  element  are 
not  impaired  at  all. 

The  return  loss  basically  is  determined 
by  the  insertion  angle  of  the  filter 
element . 

The  polarization  characteristic  is  as  low 
as  2%  or  less,  i.c.,  it  is  at  a  sufficient 
level  for  practical  use. 

Figs.  7  and  8  arc  insertion  loss 
histograms  for  the  passing  band  and  for 
tho  cut  off  band,  respectively,  prepared 
based  on  tho  results  of  invosigating  125 
f i Iter- embodded  optical  fiber  ribbon  .  As 


N-600  [a] 
5-0. 4  BO 
[dBJ 

«-0. 063 
[dB] 
MAX-0.  6  B 
(dBJ 
MIN-0.  29 
[dBJ 


INSERTION  LOSS  [dB] 

Fig.  7  insertion  loss 
hlalogram  of  Filler- 
Embedded  Optical  Fiber 
Ribbon  at  1.3 l Mm. 


N-B00  [o] 
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MAX-69 
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F I g.  B  The  theoretical 
fiber  separation  loan. 


Fig.  8  insertion  long  hintogr am 
of  Filter-Embedded  Optical  Fiber 
Ribbon  at  I.  S Sum. 
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seen  from  these  figures,  the  filter 
characteristics  are  very  good  with  a 
maximum  value  of  insertion  loss  of  0.65  dB 
or  more  for  the  passing  band  and  67  dB  or 
more  for  the  cut  off  band.  Taking  this 
in^d  consideration  with  the  small 
variations  in  the  characteristics,  it 
becomes  evident  that  the  part  can  be 
fabricated  with  very  high  stability. 


4.-  Reliability  Testing 


Various  reliability  tests  shown  in  Table 
2  were  performed.  In  the  heat  cycling 
test,  the  variation  in  insertion  loss  was 
found  to  be  kept  stablo  at  a  level  of  less 
than  0.1  dB  (as  shown  in  Fig.  9),  and  no 
residual  loss  was  observed  after  100  heat 
cycles . 

Table  g  Reliability  Teat 
Condition it  and  Reault  of 
F t t t e r—Bmb e ddc d  Optical 
Fiber  Ribbon. 


ITEM 

TEST 

COND 1 T 1  ON 

RESULT 

TEMPERATURE 

CYCL  1  NO 

-10  TO  got: 

100  oyc. 

<0.  IdB 

HUMIDITY 

70C  90XRH 

1  0O0H 

<0.  IdB 

H  I  OH 

TEMPERATURE 

70C  I00H 

<0.  IdB  . 

LOW 

TEMPERATURE 

-2  0C  I00H 

<0. IdB 

VIBRATION 

1 .  5aa  1 0~55Hz 

3  DIRECTION 

EXCELLENT 

IMPACT 

5CQ  >  |  1  a  e. 

EXCELLENT 

The  f-iTter  used  herein  was  a  non-ion 
assist  type  dielectric  multilayer  film. 
This  film  presents  a  troublesome  feature 
that  the  wavelength  characteristic  varies 
with  the  temperature  change.  However,  the 
result  of  the  high-temperature  high- 
humidity  test  shows  no  variation  in 
insertion  loss  even  after  the  lapse  of 
1,000  hours  as  shown  in  Fig.  10.  This 
indicates  that  the  humidity  control  by 
packaging  can  produce  a  sufficient  effect. 

The  results  of  the  high-  and  low- 
temperature  tests  also  show  no  variation 
In  insertion  loss.  Moreover,  any  variation 
in  insertion  loss  was  not  observed  at  all 
in  the  vibration  and  impact  tests. 

Thus  the  optical  part  developed  by  us  was 
proved  to  be  very  good  in  environmental 
resistance,  long-term  reliability  and 
mechanical  properties. 
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Fig.  9  Temperature  Cycling  Tent 
Result  for  FI  I t  e  r—Bmbe  dd  e  d 
Optical  Fiber  Ribbon. 


TIME  [HOURS] 

Fig. 10  The  result  of  high- 
temperature  high-humidity 
test  of  F i I te r-Bmbedded 
Op t i c a /  Fiber  Ribbon. 


5.  Conclusion 

Wo  deveropod  an  optical  part  by 
embedding  a  dielectric  mul ti iayer-f lira 
filter  in  a  single-mode  optical  fiber 
ribbon  and  confirmed  that  it  possesses  the 
following  features: 

(1)  Incorporation  of  optical  element  in 
multifiber  optical  ribbon. 

(2)  No  need  for  optical  axis  alignment 
in  production  process. 

(3)  Small  insertion  loss. 

(4)  High  reliability. 

(5)  Miniaturization  with  higher  density. 
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Those  features  owe  much  to  the 
development  of  the  fine  slitting  technique 
and  the  assembly  technique.  The  process  of 
manufacturing  this  optical  part  is,  of 
course,  higher-precision  fine  slitting 
technique  in  order  to  develop  optical 
parts  possessing  varying  features  in  the 
future. 
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ABSTRACT 

As  all-fiber  loop  systems  evolve,  Local  Exchange 
Carriers  {LECs)  expect  the  per-living-unit  life  cycle 
costs  for  providing  standard  telephony  services  on 
these  systems  to  be  in  close  parity  with  Digital  Loop 
Carrier  {DLC)  systems  using  copper  distribution. 
Architectures  must  allow  LECs  to  build  an 
infrastructure  today  that  can  be  used  to  provide 
tomorrow’s  services.  In  addition,  LECs  expect 
flexible  powering  arrangements  that  meet  their 
specific  local  conditions  for  terminal  equipment. 
The  design  of  the  next  generation  of  the  all-fiber 
loop  addresses  each  of  these  goals. 


/.  OVERVIEW 

All-fiber  loop  systems  that  provide  telephony 
services  have  been  available  since  1988111  121.  Many 
of  these  systems  took  on  the  high-level  architecture 
shown  in  Figure  1.  This  architecture  consists  of  the 
following  components: 

•  An  interface  to  the  local  switch  either  via 
Bellcore’s  TR-TSY -000008  specification131  (see 
Figure  1)  or  via  a  Digital-Loop-Carrier  {DLC) 
Central  Office  Terminal  {COT)  (this  terminal 
point  is  called  the  Serivce  Node), 

•  A  feeder  line  consisting  of  a  lightwave 
Multiplexer  {MUX)  operating  over  single-mode 
fibers, 

•  A  DLC  Remote  Terminal  {RT)  (or  Access 
Node), 

•  A  distribution  plant  consisting  of  single-mode 
fibers  with  an  Optical  Interconnect  {OIC)  panel 
at  the  RT  location, 

•  A  Distant  Terminal  {DT)  (or  Optical  Network 
Unit)  located  either  on,  or  in  close  proximity  to, 
the  end-user’s  premises. 


The  active  double-star  architecture  allows  Local 
Exchange  Carriers  {LECs)  to  build  a  fiber 
infrastructure  that  can  support  tomorrow’s  services 
such  as  Broadband  ISDN  and  CA7V  transport. 
Because  the  double-star  architecture  is  similar  to  the 
traditional  metallic  distribution  architecture,  a 
simple  extension  of  outside-plant  engineering 
procedures  for  metallic  distribution  to  the  all-fiber 
architecture  is  possible.  Since  1988,  LECs  have 
gained  experience  at  more  than  20  all-fiber  loop 
sites  and,  as  a  result,  have  expressed  several 
challenging  objectives  for  the  next  generation  of 
architecture  and  technology  of  the  all-fiber  loop: 

•  The  Installed  First  Cost  {IFC)  of  an  all-fiber 
loop  may  exceed  by  up  to  forty  percent  that  of  a 
DLC  system  that  uses  metallic  distribution  to 
provide  the  same  services.  However,  the  life- 
cycle  cost  of  an  all-fiber  loop  must  be  near 
parity  with  that  of  the  equivalent  metallic 
system. 

•  End-user  services,  such  as  Plain  Old  Telephone 
Service  {POTS),  coin,  Voice  Frequency  {VF) 
special  services,  DDS,  and  ISDN,  that  are 
available  on  metallic  loops  must  be  available  on 
all-fiber  loops. 

•  Operations,  Administration,  and  Maintenance 
{OA&M)  procedures  for  all-fiber  loops  must  be 
improved  over  those  of  metallic  systems.  This 
objective  is  a  step  toward  lowering  the  life-cycle 
cost  of  an  all-fiber  loop. 

•  Fiber  loop  systems  must  comply  with  Bellcore’s 
TR-TSY-000303  local  switch  interface 
specification141. 

•  The  use  of  standardized  transport  methods,  such 
as  Synchronous  Optical  NETwork  {SONET)ls\ 
in  the  feeder  plant  is  required. 

•  The  RT  must  have  the  capability,  improved  over 
that  of  the  first-generation  all-fiber  loop  systems, 
to  manage  bandwidth  for  the  best  match 
between  the  local  switch  and  the  DTs  and  for  the 
most  efficient  use  of  feeder  plant  capacity. 
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•  Fi  *xihl,*  powering  arrangements  for  the  DT  must 
be  available. 

•  The  architecture  must  provide  for  an  upgrade  to 
support  transport  of  CATV  signals. 

The  next-generation  architecture  described  in  this 
paper  addresses  these  objectives  while  retaining  the 
basic  configuration  shown  in  Figure  1. 

2.  CONFIGURATION 

2.1  End-io-End  Overview 

The  most  economical  topology  for  accessing  many 
end-users  spread  over  a  large  area  is  still  the 
multilevel  star  network,  and  the  next-generation 
all-fiber  loop  system  retains  the  active  double-star 
architecture  shown  on  Figure  1.  However,  the 
components  that  make  up  the  system  are  new 
developments,  use  the  latest  technology,  and 
establish  an  infrastructure  for  future  services. 
Integration  of  functions  at  the  switch  and  the  RT  is  a 
key  advance  in  the  new  DEC  system.  We  will  be 
discussing  the  following  network  components:  the 
switch  interface,  the  RT  and  DT ,  and  the  connecting 
feeder  and  distribution  optical  links. 

2.2  Switch  Interface  and  the  Feeder  Plant 

A  major  cost  saver  for  new  DLC s  is  the  capability  to 
connect  directly  to  a  digital  switch  via  high- 
bandwidth  digital  interfaces,  eliminating  COTs  with 
analog  interfaces.  Today,  switches  assemble  the 
basic  Pulse  Code  Modulation  (PCM)  streams  into 
higher-rate  signals  consisting  of  24  DSOs  for 
transmission  on  the  feeder  plant  at  the  DS1  rate, 
1.544  Mbps.  Existing  DLC  specifications,  TR-008 
and  TR-303,  are  organized  around  this  bit  rate. 
Next-generation  DLC  systems  will  support  these 
interfaces  as  well  as  special  applications  and  service 
on  a  large  number  of  DSl  links. 

SONET  is  the  standard  signal  format  for  the  CO-to- 
RT  feeder  facility,  and  the  next-generation  DLC 
system  is  designed  to  make  the  best  of  the  format. 
The  system  will  multiplex  28  DSI  signals  to  the 
5\M-MHz  STS-1  (OC-1)  rate,  the  base  rate  for 
SONE1 [6!,  and  will  combine  three  such  signals  to 
form  an  OC-3  signal  at  the  \55.52-MHz  rate,  the 
standard  for  the  next-generation  DLC  feeder  facility. 
'Hius,  the  bandwidth  between  the  CO  and  RT  is 
increased  way  beyond  what  a  single  RT  needs  for 
narrowband  services.  The  connection  between  the 
OC-3  interfaces  is  via  single-mode  fibers,  with  a 
maximum  span  of  30  km  (18.6  miles)  without 
repeaters.  The  optical  feeder  interface  parameters 
conform  to  the  ANSI  T1 . 106  standard^7'.  All  critical 


elements  of  the  feeder  operate  with  1+1  protection. 

Concentration  can  be  a  major  cost  saver  for  our 
customers.  The  new  feeder  interfaces  allow  per-call 
concentration  from  1:1  (no  concentration)  to  8:1,  or 
higher.  Therefore,  LEG  engineers  can  optimize  the 
feeder  configuration  based  on  local  traffic  patterns, 
adding  or  removing  feeder  capacity  as  required. 
The  standatd  2:1  concentration  ratio  for  TR-008 
Mode  2*3*  is  supported. 

The  standard  feeder  provides  point-to-point  (CO- 
to -RT)  transport,  but  the  new  high-bandwidth 
interfaces  provide  opportunities  for  taper,  hub  and 
ring  network  applications.  The  output  of  the  switch 
interface  is  routed  to  the  OC-3  multiplexer  via  the 
standard  DSX1  cross-connect  panel.  In  case  of  an 
analog  interface,  a  TR-008-  or  77? -303-compatible 
DLC  COT  can  be  inserted  between  the  DSX  panel 
and  the  switch. 

2  3  The  Next-Generation  Digital  Remote  Terminal 

The  architecture  of  the  new  digital  RT  for  fiber 
distribution,  Figure  2,  was  designed  to  meet  the 
needs  of  DLC  applications  in  the  1992-1997  time 
frame.  Considerable  time  and  effort  were  spent 
trying  to  understand  our  customers’  needs,  some  of 
which  are  listed  in  Section  1.  Flexible 
configurations,  to  match  divergent  and  changing 
requirements,  are  a  must.  We  reduced  cost  by 
maximizing  sharing  and  by  integrating  functions 
that  are  common  to  major  applications. 

The  core  of  the  RT  supports  functions  that  are  not 
specific  to  the  distribution  format  and  medium.  The 
standard  feeder  connection  is  an  integrated  SONET 
OC-3  interface  and  multiplexer  which  delivers  the 
full  payload  of  one  STS-1  signal  to  the  RT.  The 
remaining  two  STS-I  payloads  can  serve  other  RTs 
at  the  same  site  via  STS-1  E  connections,  or  they  can 
be  re-formed  into  a  partial  OC-3  signal  and  serve 
RTs  at  other  sites  in  an  add/drop  taper  feeder  or  ring 
network.  Alternatively,  one  of  the  two  remaining 
STS-I  s  can  serve  up  to  28  DSl  pipes  to  end-users 
requiring  this  service  while  the  other  remaining 
STS-1  is  re-formed  into  a  partial  OC-3.  To  make 
use  of  the  bandwidth  available  from  an  OC-3 
interface,  or  to  use  external  multiplexers  and 
existing  feeders,  the  feeder  interface  can  be 
configured  for  STS-1E  or  up  to  28  DSX1  electrical 
feeder  coti  neciions. 

The  RT  core  can  implement  interfaces  that  range 
from  a  simple  fixed-assignment  between  the  feeder 
and  distribution  sides  in  TR-008  Mode  1,  to  the  full 
Time-Slot-Interchange  (TSI)  function  in  the  TR-303 
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mode.  In  the  latter  configuration,  any  feeder 
channel  can  be  connected  to  any  distribution 
channel.  These  connections  can  be  semi-permanent 
assignments  or,  in  the  case  of  concentration,  per-call 
associations.  All  critical  functions,  such  as  system 
timing,  TSl,  multiplexing,  etc.  are  fully  protected. 
An  integrated  test  head  that  is  functionally  a  remote 
measurement  unit  eliminates  the  need  for  a  DC  test 
pair.  This  test  head  can  perform  the  full  range  of 
channel  and  drop  tests  on  almost  any  customer 
circuit.  Intelligence  native  to  the  RT  core  allows 
tests  to  be  performed  autonomously  (routine 
testing),  under  commands  from  a  "dumb"  terminal, 
or  via  links  to  network  operations  systems, 
including  LMOS  and  MLT.  Controllers  keep  track 
of  configurations,  provisioning,  and  inventory,  keep 
performance  records,  and  can  provide  alarms  and 
fault  sectionalization  with  higher  resolution  than 
previously  possible.  This  information  can  all  be 
accessed  locally  or  remotely  from  LEC  OS  systems. 

Note  that  in  discussing  the  RT  core,  no  mention  was 
made  of  fiber  or  metallic  distribution.  The  core 
functions  are  common  to  both,  and  support  fiber 
and/or  metallic  distribution.  Metallic  distribution 
can  be  configured  by  providing  shelves  equipped 
with  standard  DLC  channel  units.  Fiber 
distribution  is  achieved  by  providing  digital  and 
optical  interfaces  between  the  feeder-interface/core 
complex  and  the  distribution  links,  which  terminate 
in  the  distant  terminals.  The  distribution  system 
provides  a  DSI  signal'81  (with  its  payload  of  up  to 
24  DSOs)  to  each  DT. 

Depending  on  its  configuration  and  mode  of 
operation,  a  single  next-generation  fiber  RT  can 
serve  from  672  to  1000+  lines  and  occupies  about 
the  half  the  space  of  a  system  that  uses  o'der  dual 
channel  banks  (which  provide  192  lines  per  dual 
bank)  to  provide  the  same  number  of  lines.  New 
outside  plant  cabinets  take  advantage  of  the  reduced 
size  and  fit  into  the  landscape  unobtrusively. 

The  full  TSI  capability  provides  a  bandwidth 
management  function  that  can  be  used  to  eliminate 
local  switch  terminations  for  services  that  do  not  use 
that  switch.  For  fiber  distribution  the  function  gives 
flexibility  in  bandwidth  shedding  or  growth 
situations  by  increasing  the  efficiency  of  the  feeder 
plant.  In  the  TR-008  mode,  if  the  initial 
configuration  of  a  DT  link  is  exhausted,  a  service 
order  for  an  additional  line  can  require  a  re¬ 
configuration  of  the  RT ,  addition  of  RT  and  DT 
plant,  or  both.  In  the  TR-303  mode  such  requests 
can  be  usually  satisfied  by  re-provisioning  the 
channel  assignments,  unless  of  course  the  24 -DSO 


capacity  of  the  distribution  link  is  exhausted. 

2.4  Distribution  Plant 

An  optical  interconnect  at  the  RT  site  provides  a 
flexible  rearrangement  and  maintenance  access 
point  between  the  optical  interfaces  and  the  outside 
plant.  Installation  testing  methods  have  been 
developed  to  guarantee  the  performance  of  single¬ 
mode  fiber  in  the  short  wavelength  transmission 
region'91.  Therefore,  equipment  costs  in  the  next- 
generation  system  are  reduced  through  the  use  of 
ultra-low-cost,  short-wavelength  compact-disc  laser 
technology. 

Optical-splitter  technology  is  employed  at  the  RT 
and  the  DT  to  combine  both  directions  of 
transmission  on  a  single  fiber.  The  additional  cost 
of  splitters  at  both  ends  of  the  optical  path  is  offset 
by  the  use  of  low-fiber-count  media  and  closures, 
and  by  reduced  installation  costs.  In  addition,  the 
use  of  a  single  fiber  lowers  OA&M  (life-cycle)  costs 
relative  to  multi-fiber  loop  systems. 

Use  of  the  short  wavelength  region  leaves  the  long 
wavelength  region  accessible  via  wavelength- 
division-multiplexcr  technology.  Therefore,  the 
same  distribution  fiber  may  be  used  for  the  transport 
of  CATV  signals  or  Broadband  ISDN  without  a 
significant  impact  on  the  design  of  the  telephony 
equipment  and  with  the  benefits  of  single-fiber 
transmission  outlined  above. 

2.5  Distant  Terminal  Functionality 

The  Distant  Terminal  ( DT)  consists  of  plug-in  units 
housed  in  an  outside  plant  closure  mounted  either 
outside  the  end-users’  premises  or  on  a  curb  a  short 
distance  from  the  end-users’  premises.  The  entire 
payload  capacity  of  the  .  'IDT  DSI  signal  can  be 
used  to  provide  up  to  24  end-user  circuits  at  the  DT. 
As  a  result,  the  DT  can  serve  up  to  sixteen  living 
units  in  residential  applications,  depending  on  end- 
user  line  take,  while  previous  all-fiber  loop  systems 
served  a  much  smaller  number  of  living  units.  The 
IFC  per  living  unit  decreases  with  an  increasing 
number  of  living  units  due  to  the  increased  sharing 
of  DT  common  equipment.  In  addition,  use  of  the 
DSI  rate  on  the  RT/DT  fiber  reduces  costs  by 
permitting  the  use  of  components  that  are  sold  in 
high  volumes. 

The  DT  incorporates  many  complex  functions  (see 
Figure  3):  an  Optical  Interface  which  terminates  the 
fiber,  a  Controller  which  forms  a  transmission  and 
control  bus  that  is  accessed  by  the  Channel  Units 
(.CU s),  a  Ringing  Generator  ( RG )  which  drives 
alerting  circuits  in  end-user  telephone  sets,  and  a 
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flexible  Power  Interface  ( PI)  which  powers  the 
electronics  in  the  DT.  Transmission  and  signaling 
characteristics  are  compliant  with  TR-TSY- 
000057m. 

End-user  circuits  can  be  provided  by  an  assortment 
of  plug-in  CUs  supported  by  the  DT.  This  modular 
feature  enables  the  DT  to  provide  the  same  variety 
of  services,  simultaneously  on  different  tip/ring 
pairs,  that  can  be  provided  by  a  DLC  RT  using 
metallic  distribution.  These  services  include  Plain 
Old  Telephone  Service  ( POTS) ;  a  variety  of 
switched,  non-locally-switched,  and  non-switched 
Voice  Frequency  (VF)  special  services;  coin;  DDS\ 
and  ISDN. 

The  Controller  monitors  the  health  of  the  circuitry 
in  the  DT  as  well  as  the  health  of  the  DS1  link  from 
the  RT.  When  it  detects  trouble,  the  Controller 
notifies  the  RT  via  a  data  link.  The  RT  will,  in  turn, 
report  the  trouble  to  the  central  office  and 
maintenance  center.  The  DT  must  support  the 
evolution  of  trouble  reporting  toward  pinpointing 
the  type  of  trouble  and  the  plug-in  that  is  in  trouble. 
Evolution  toward  the  capability  of  remote  inventory 
of  plug-ins  is  also  a  feature  of  the  DT. 

In  addition,  the  DT  supports  on-demand  testing  of 
the  tip/ring  pairs  between  the  DT  and  the  end-users’ 
equipment  (called  "drop  testing")  as  well  as  of  the 
carrier-derived  channel  from  the  central  office 
through  to  the  analog  side  of  the  DT  CU  (called 
"channel  testing").  These  testing  and  monitoring 
features  decrease  the  life-cycle  cost  of  the  all-fiber 
loop  by  giving  maintenance-center  personnel  more 
accurate  information  with  which  to  dispatch  repair 
personnel  and  by  bringing  the  maintenance 
procedures  closer  to  being  pro-active  rather  than 
reactive. 

2.6  Distant  Terminal  Powering 

A  variety  of  methods  to  power  the  DT  are  provided 
by  the  flexible  Power  Interface  {PI),  shown  in 
Figure  3.  The  methods  are: 

•  Commercial  120 -VAC  connection  at  the  DT 
location, 

•  Connection  to  a  DC  power  source  located  at  the 
opposite  end  of  the  drop  pair  (this  method  is 
called  back  powering), 

•  Connection  to  a  centralized  DT  power  plant  that 
is  shared  among  many  DTs  (called  network 
powering). 

Commercial  AC  power  is  obtained  by  placing  a 


power  meter  on  each  curb-side  DT  or  by  sharing  a 
power  meter  on  one  DT  with  other  DTs.  The 
number  of  DTs  sharing  the  meter  depends  on  LEC 
and  local  power  utility  practices.  For  a  premises- 
mounted  DT,  AC  power  is  obtained  either  by  a 
connection  to  the  premises  AC  wiring  or  by  placing 
an  adapter  ring  on  the  end-user’s  power  meter.  The 
advantage  of  the  commercial-AC  method  is  that  the 
LEC  does  not  have  a  power  distribution  system  to 
maintain.  However,  installation  costs  are  increased 
because  electrical  contractors  must  be  hired  to 
handle  the  120-VAC  connections. 

Back  powering  is  accomplished  by  using  DC 
sources  placed  on  several  living  units  to  power  a 
common  curbside  DT  or  by  using  one  DC  source  to 
power  a  premises-mounted  DT.  The  advantage  this 
method  has  over  the  commercial-AC  method  is  that 
the  power  and  voltage  levels  involved  (-48  V  is 
recommended)  are  within  safe  limits  for  LEC 
personnel  to  handle.  Material  and  maintenance 
costs  are  increased  because  this  method  requires 
additional  pairs  in  the  drop  cables  to  each  living  unit 
to  carry  power. 

For  network  powering,  one  DC  power  plant  can  be 
located  at  the  RT  site  to  power  the  entire  serving 
area,  or  several  smaller  power  plants  can  be  located 
within  the  serving  area,  each  serving  a  small  number 
of  DTs.  Because  local  practices  may  prohibit  the 
installation  of  cabinets  of  any  appreciable  size  (that 
is,  larger  than  a  DT)  most  LECs  will  choose  to 
locate  one  power  plant  at  the  RT  site.  To  carry  the 
power  to  the  DTs,  a  metallic  distribution  network 
must  be  installed  and  maintained  alongside  the  fiber 
network.  If  voltage  and  power  levels  are  to  be  kept 
within  safe  limits  for  LEC  personnel  to  handle  (up 
to  ±130  VDC  with  respect  to  ground  limited  to  100 
W  at  the  power  plant  output),  the  distribution 
network  must  either  be  made  up  of  large-gauge 
cables  or  smaller-gauge  cables  with  a  few  pairs 
connected  in  parallel.  To  prevent  cable  corrosion, 
many  LECs  would  source  -130  V  and  ground  as 
opposed  to  +130  V  and  -130  V.  In  addition,  LECs 
prefer  to  work  with  cables  typically  used  for 
telephony  transmission  such  as  19,  22,  24,  or  26 
AWG  in  25-,  50-,  or  100-pair  cables.  As  a  result  of 
these  limitations,  a  star,  as  opposed  to  a  bus, 
distribution  network  must  be  installed  using  a 
separate  output  at  the  power  plant  for  each  DT  and 
parallel  pairs  to  connect  to  each  DT,  However,  the 
advantage  of  network  power  is  in  the  way  it 
addresses  backup  power. 

The  AC  and  backpowering  schemes  place  backup 
batteries  in  the  DT  structure  (shown  as  a  dashed  box 
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in  Figure  3)  to  provide  a  minimum  of  eight  hours  of 
operation  of  the  DT  during  commercial  power 
outages  whereas  the  network  power  scheme 
improves  battery  maintenance  operations  by  placing 
batteries  in  a  centralized  location.  In  addition,  the 
network-power  method  makes  feasible  the  use  of  a 
generator  to  provide  power  for  DTs  during  long 
outages.  Note  that  the  use  of  generators  is  more 
practical  when  a  single  generator  can  be  placed  at  an 
RT  site  to  power  the  whole  serving  area  as  opposed 
to  several  generators  dispersed  throughout  the 
serving  area. 

3.  OBSERVATIONS 

The  DLC  system  with  the  capabilities  described 
here  will  meet  LEC  expectations  in  the  coming 
decade.  Expectations  are  bound  to  change,  most 
likely  grow.  The  architecture  of  our  new  DLC 
system  will  support  such  growth  at  all  the  network 
nodes.  The  new  RT  already  includes  features 
described  in  TR-303  as  future  plans  for  advanced 
terminals,  such  as  RT  intelligence,  integrated  test 
head,  and  other  functions.  The  technology  of  all  the 
all-fiber  loop  will  advance  in  the  future,  and  a  key 
design  rule  is  that  such  advances  must  be  supported, 
not  blocked.  The  built-in  flexibility  will  eliminate 
the  need  for  drastic  changes  in  the  system,  allowing 
for  graceful  evolution  for  years  to  come. 
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ABSTRACT 

In  a  system  of  quality  assurance  for  opti¬ 
cal  fibre  transmission  links,  it  is  necessary 
to  have  complete  traceability  and  ease  of  ac¬ 
cess  to  all  the  fibre  characteristics  measured 
during  each  stage  of  the  manufacturing  and  in¬ 
stallation  process;  this  involves  the  collation 
of  data  from  the  fibre  supplier,  from  finished 
cable  measurements,  and  from  acceptance  te3ts 
after  the  cable  has  been  installed.  This  paper 
describes  a  fully  automatic  computerised  system 
for  this  application  which  has  been  established 
at  Pirelli  factory  (1),  for  optical  cables 
produced  for  SIP  (2).  The  system  correlates 
data  obtained  from  the  fibre  supplier  with 
measurement  results  from  the  appropriate 
finished  cable  and  transfers  them  to  a  floppy 
disk  which  is  sent  to  SIP.  Subsequently  the 
corresponding  installation  data  are  added  to 
the  disk,  thus  creating  a  single  data  base 
containing  the  complete  history  of  a  fibre 
link,  the  availability  of  which  is  also  useful 
for  monitoring  and  assessing  variation  of  the 
link’s  performance  in  the  future.  This  system 
will  be  gradually  extended  to  all  cable  suppli¬ 
ers  and  installation  companies  working  for  SIP. 


INTRODUCTION 

A  key  point  in  any  quality  assurance  system  is 
product  traceability  with  the  complete 
availability  of  measurements  throughout  the 
manufacturing  process. 

Despite  being  extensively  used  since  ten  years 
ago,  fibre  optic  transmission  links  do  not  have 
a  computerised  data  base  of  their  performance 
characteristics. 

If  this  is  important  for  traditional  telecommu¬ 
nication  links,  then  it  is  considered  essential 
for  fibre  links  in  view  of  their  strategic 
importance  in  transmitting  very  high  numbers  of 
telephone  channels  in  the  long  distance  trunk 
network. 

For  the  cable  manufacturer  the  availability  and 
comparison  of  individual  measurements  at  the 
various  stages  of  the  production  process  is 
indispensable  for  satisfactory  production 


(1)  At  Livorno  Ferraris  (Vercelli-Italy) 

(2)  principal  Italian  Telephone  Operating 
Company 


control  in  the  short  to  medium  term,  while  the 
availability  of  statistical  elaboration  is 
essential  for  medium  to  long  term  process 
control  and  for  product  quality  control  and 
improvement. 

The  data  from  the  fibre  suppliei  cr.d  *he  cable 
manufacturer  are  then  integrated  with  the  data 
obtained  during  the  installation  phase,  thus 
providing  the  network  operator  with  a  complete 
history  of  the  project  (stored,  for  example,  on 
a  floppy  disk),  which  facilitates  future 
investigations  of  any  faults  or  malfunctions 
and  can  provide  a  complete  picture  of  the 
network  at  any  moment. 

This  supposes  of  course  that  there  is 
sufficient  accuracy  of  alignment  between  the 
measuring  instruments  used  in  the  various 
stages  of  characterisation  of  the  fibres  and 
cables. 

QUALITY  CONTROL  FOR  OPTICAL  CABLES 
(TRANSMISSION  CHARACTERISTICS) 

Control  of  the  fibre  transmission 
characteristics  during  cable  production  is 
carried  out  by  the  manufacturer  according  to 
the  flow  chart  in  fig.  1. 

A  data  acquisition  and  elaboration  system, 
called  Apollo,  operates  within  the  cable 
factory,  acquiring  and  correlating  the  results 
of  measurements  carried  out  on  the  fibres  at 
various  points  in  the  process. 

This  system  also  carries  out  statistical 
elaborations,  either  periodically  (e.g 
monthly)  or  on  request,  to  give  a  precise 
picture  of  the  situation  in  a  very  short  time. 

A  second  system,  called  Floppy,  interfaces  with 
the  central  mainframe  computer,  which  contains 
the  data  necessary  for  the  identification  of 
the  fibres  in  the  cable,  and  carries  out,  for 
all  of  the  fibres  of  the  cables  produced  in  a 
determined  period,  the  correlation  between  the 
measurements  of  the  fibre  supplier  (available 
from  floppy  disks  provided  with  each  fibre 
delivery)  and  those  of  the  finished  cable 
acquired  from  the  Apollo  system. 

The  correlated  data  are  archived  according  to 
project  on  a  floppy  disk  which  is  sent 
regularly  (monthly)  to  the  network  operator  and 
to  which  will  be  added  the  results  of  tests 
carried  out  by  the  cable  installer  (attenuation 
of  the  individual  cable  lengths,  of  the  joints 
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and  of  the  repeater  section). 

The  data  contained  in  the  data  base  will  then 
be  used  for  statistical  elaboration  of  the 
various  parameters  and  made  available  to  the 
appropriate  regional  headquarters. 

THE  APOLLO  SYSTEM 

The  Apo'lo  system  manages  all  of  the 
transmis' 'on  and  geometrical  measurements 
carried  out  in  the  factory  during  the 
production  process  according  to  the  scheme 
shown  in  fig.  2. 

The  actual  measurements  benches  connected  to 
the  system  are  as  follows: 


Measurement 

No.  of  instruments 

Backscattering 

6 

Spectral  attn. ,  cut  off 

wavelength 

2 

Geometrical  characteristics 

1 

Chromatic  dispersion 

1 

Each  bench  is  served  by  a  PC  which  controls  the 
execution  of  the  tests  and  then  stores  the 
results  on  a  floppy  disk,  reducing  manual 
intervention  by  the  operator  to  a  minimum. 

The  program  then  compares  the  results  with  the 
appropriate  specified  acceptance  limits,  thus 
avoiding  any  error  due  to  the  operator. 

Every  day,  the  data  on  the  floppy  disks  are 
transferred  to  a  computer  which  is  completely 
dedicated  to  the  management  of  the  measurement 
results. 

The  use  of  a  PC  with  a  40  Mbyte  hard  disk  makes 
it  possible  to  have  on  line  data  from  the 
measurement  of  up  to  20,000  fibres,  which 
corresponds  to  about  4  months  of  actual  cable 
production. 

This  permits  statistical  evaluations  and 
comparisons  based  on  the  availability  of  a 
considerable  quantity  of  data. 

The  main  program  is  very  easy  to  use  as  it  is 
menu  driven,  its  main  function  and  services 
being  as  follows: 

-  centralised  printing  of  test  results, 
including  backscattering  (fig.  3)  and 
spectral  attenuation  curves 

-  centralised  printing  of  summaries  of  the 
individual  results  for  each  cable  length, 
including  elementary  statistics  (max,  min, 
average)  (fig. 4) 

-  comparison  of  cable  attenuation  between 
partly  finished  and  finished  cables 

-  statistical  comparison  of  attenuatio  .  between 
different  wavelengths  and  temperatures 

-  statistical  elaboration  according  to  the  type 
of  measurements,  either  partial  or  periodic 
(e.g.  monthly)  (fig.  5) 

-  monthly  trends  of  the  principal 
characteristics  (fig.  6) 

-  storage  of  the  results  on  tape  cartridge  or 
high  density  floppy  disk  for  definitive 
back-up  (every  4  months). 


This  system  structure,  based  on  independent 
peripheral  PCs,  has  been  chosen  because  it  does 
not  limit  the  number  of  instruments  that  can  be 
connected  to  it,  provided  that  the  PC  dedicated 
to  system  management  has  sufficient  memory  for 
the  data  obtained  from  several  months  of 
production. 

Furthermore  the  use  of  floppy  disks  for  data 
storage  and  manual  transfer  to  the  central  PC, 
instead  of  using  a  permanent  LAN,  permits 
extension  of  the  system  in  a  very  simple  manner 
and  improves  operational  flexibility  by  freeing 
the  equipment  from  fixed  locations  with  limited 
radius  of  action. 

This  is  important  for  example  in  backscatter 
testing  where  it  is  convenient  to  move  the 
measurement  bench  around  the  whole  of  the 
testing  department,  often  several  hundred 
metres  from  the  central  PC. 

Measurement  automation,  apart  from  guaranteeing 
reliability  and  objectivity,  is  fundamental  in 
achieving  appreciable  reductions  in  testing 
time. 

The  Apollo  system  constitutes  the  basis  for  the 
creation  of  the  program  which  automatically 
provides  all  the  measurements  relevant  to  the 
various  phases  of  production  and  allows  them  to 
be  compared  to  ensure  that  no  degradation  of 
the  fibre  characteristics  has  occured  during 
each  production  phase,  while  at  the  same  time 
carrying  out  statistical  elaboration  of  the 
available  measurements. 

THE  FLOPPY  SYSTEM 

The  Floppy  system  automatically  compiles  a  data 
base  which,  for  all  the  cables  tested  in  a 
determined  period,  contains  the  identification 
data  of  the  cables,  the  identification  code  of 
each  of  the  fibres,  the  measurement  results 
from  the  finished  cable  and  the  test  data 
provided  by  the  fibre  supplier. 

Fig.  7  shows  the  flow  chart  describing  the 
operation  of  the  Floppy  system. 

On  arrival  of  every  fibre  delivery,  the 
technical  data  provided  on  floppy  disks  by  the 
fibre  supplier  is  systematically  transfered  to 
both  the  mainframe  computer  (for  stores 
management  of  the  fibres)  and  the  PC  dedicated 
to  Floppy  (archive  of  supplier’s  measurements). 
At  the  start  of  the  production  of  each  cable, 
when  the  fibres  are  taken  from  the  stores,  the 
correspondence  between  the  fibre’s  code  number 
from  the  supplier  and  its  position  in  the  cable 
is  recorded  on  the  mainframe  computer. 

The  Floppy  program  performs  the  following 

steps: 

-  searches  in  the  mainframe  computer  for  the 
cables  tested  in  a  chosen  period 

-  retrieval  of  the  code  numbers  of  the  fibres 
used  in  these  cables 

-  retrieval  of  the  data  from  the  archive  of 
supplier '8  measurements  by  means  of  the  fibre 
code  number 

-  retrieval  of  the  measurements  on  the  finished 
cable 
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-  transfer  of  these  three  sets  of  data  together 
with  the  cable  identification  data,  which  is 
also  taken  from  the  mainframe  computer,  to 
the  floppy  disk  which  will  be  supplied  to  the 
customer. 

The  complete  history  of  the  fibres  used  m  the 
cable  is  therefore  obtained  completely 
automatically  and  forms  the  basis  of  a  database 
of  service  to  the  end  user. 

A  complete  monthly  elaboration,  involving  about 
5,000  fibres,  requires  approximately  4  hours 
and  each  high  density  floppy  disk  can  contain 
data  for  about  7,000  fibres. 

Table  1  shows  the  data  supplied  to  the  customer 
(SIP)  for  each  fibre  in  the  cable. 

Simple  statistical  elaborations  are  also 
carried  out  on  the  data  provided  in  the 
database  to  allow  direct  comparison  of  the  data 
of  the  cable  manufacturer  with  those  of  the 
fibre  supplier. 

Table  2  shows  the  comparison  between  cable 
manufacturer  and  fibre  supplier  with  regard  to 
attenuation  values,  at  1300  nm  and  .550  nm, 
obtained  by  backscattering  technique. 

CONCLUSION 

The  system  described  here  has  been  in  service 
since  the  beginning  of  the  year  for  the  fibre 
and  cable  part  and  will  soon  be  completed  with 
the  installer’s  data. 

Among  the  many  advantages  obtained,  the 
following  are  of  particular  note: 

-  greater  automation  of  factory  measurements 
with  consequent  reductions  in  both 
measurement  time  and  operator  error 

-  magnetically  stored  archives 

-  ease  of  access  and  recovery  of  the 
measurements 

-  process  control  by  means  of  automatic 
comparison  of  the  measurements  from  different 
stages 

-  availability  of  statistical  elaborations  and 
evaluations,  in  real  time,  to  permit  design 
validation 

-  completely  automatic  traceability  of 
measurements  by  project 

This  system  could  also  be  used  to  evaluate  the 
quality  and  reliability  of  the  suppliers  (fibre 
and  cable  manufacturers,  and  installers)  by 
comparing  measurements  from  the  various  phases. 
As  a  future  prospect,  ":cessability  to  the  data 
could  be  extended  to  end  users  with  the 
possibility  of  inserting  data  relevant  to 
maintenance  interventions  and  link 
modifications,  thus  providing  real  time 
monitoring  and  effective  management  of  the 
network. 
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TABLE  1 


table  : 


File  FIBRE  :  record  structure  of  ona  fibre. 


Cable  measurement  data 
Cable  manufacturer 
SIP  order 

Route  identification 
Cable  type 
Cable  length  (m) 

Drum  number 

(1)  Manufacturing  number 
Slot  identification 

Fibre  position  in  the  cable 
Backscatterlng  attenuation  at  1300  nm  (dB/km) 
Backscattenng  attenuation  at  1550  nm  (d8/km) 
Backscattermg  linearity  code 

Fibre  identification  number 
Fibre  type 
Fibre  suppl ier 
Invoiced  length  (m) 

Backscatter  -ttenuation  at  1300  nm  (dB/km) 

Backscatterlng  attenuation  at  1550  nm  (dB/km) 

Cut-off  wavelength  (nm) 

M.F.0.  at  1300  nm  (micron) 

M.F.D.  at  1550  nm  (micron) 

(2)  Cladding  diameter  (micron) 

Cladding  non-circularity  (X) 

Mode  field  concentricity  error  (micron) 

Linearity  of  the  backscatterlng  curve  (dB) 
Zero-dispersion  wavelength  (nm) 

Zero-dispersion  slope  (ps/nm*2/km) 

Max  chromatic  dispersion  between  1285/1330  nm  (ps/nm/km) 
Max  chromatic  dispersion  between  1285/1330  nm  (ps/nm/km) 


ma.  : 

(1)  Data  relat9d  to  the  cable  (from  cable  manufacturer) 

(2)  Oata  related  to  the  fibre  (from  fibre  supplier) 


CABLE  MANUFACTURER  (CM)  •  Societi  Cavl  Pirelli 
PERIO0  .  01  May  90  /  31  May  90 

CABLE  NUMBER  .  237 

FIBRE  NUMBER  .  7600 

FIBRE  SUPPLIER  (FS>  *  F.O.S. 


PARAMETER 

OATA  Hm 

MAX 

MIN 

AVG 

STO.O. 

MAX-MIN 

Att. 1300  (CM)  (dB/Kn)  • 

1235 

0.41 

0.30 

0.340 

O.OU 

0  1 

Att. 1550  (CM)  (dB/Km)  . 

7600 

0.27 

0.12 

0.196 

0.041 

0.  n 

Att. 1300  (FS)  (dB/km)  : 

7600 

0.41 

0.32 

0.348 

0.011 

0.09 

Att. 1550  (FS)  (dB/km)  • 

7800 

0.25 

0.17 

0.192 

0.007 

0.08 

Cut-off  (FS)  (nm) 

4622 

1320 

1163 

1242 

24 

157 

MFO  1300  (FS)  (micron)  . 

4622 

9.89 

9.30 

9.551 

0.114 

0.59 

MFO  1550  (FS)  (micron)  • 

4500 

12.55 

10.57 

11.209 

0.158 

2.09 

Cladd.D.  (FS)  (micron)  : 

4622 

126.6 

124.0 

125.26 

0.36 

2.6 

Cladd.non-clrc.(FS)  (X): 

4621 

1  6 

0.1 

0.55 

0.22 

1.7 

Cone. err. (FS)  (micron)  : 

4622 

1.00 

0.01 

0.531 

0.213 

0.99 

OTOR  llnearlty(FS)  (dB): 

4508 

0.020 

0.005 

0.0147 

0.0033 

0.015 

Lambda  0  (FS)  (nm) 

2616 

1523 

1311 

1317 

2 

12 

Slope  (FS)  (ps/nm'2/km): 

2616 

0.089 

0.064 

0.0875 

0.0007 

0.005 

C0 1255  (FS)  (ps/nra/Xm): 

2500 

-2.38 

-3.40 

-2.916 

0.194 

1.02 

CD T 525  (FS)  (p»/nm/Km): 

2500 

18.21 

1$  92 

17.595 

0.214 

1.29 

LEGEN0 

Att. 1300  s  oackscatterlng  attenuation  at  1300  nm 

Att.  1550  •  backscattenng  attenuation  at  1550  nm 

Cut-off  s  cut-off  wavelength 

mFO  1300  =  mode  field  dla/netor  at  1300  nm 

MFO  1550  2  mode  field  diameter  at  1550  nm 

Cladd.o.  :  cladding  diameter 

Cladd.non-ctrc.  •  claddlnr  non-circularity 

Cone. err.  :  mode  field  concentricity  error 

OTOR  linearity  s  linearity  of  the  backscattenng  curve 

Lambda  0  2  zaro-dt spars  ton  wavelength 

Slope  :  zero-dispersion  slooe 

C01235  :  max  chromatic  dispersion  coefficient  between  1285/1330  nm 

C01525  2  max  chromatic  dispersion  coefficient  between  1 525/ 1 575  nm 


International  Wire  &  Cable  Symposium  Proceedings  1990  457 


Jfc  Mr.  Buga  was  born  at  Rho 

fglB  I  (Milano),  Italy  in  1957 

®  and  received  his  doctor¬ 

ate  in  electronic  engi¬ 
neering  from  the  Polytechnic  of  Milan.  During 
the  doctorate  he  developed  studies  about 
coherent  optical  transnission  at  CSELT  (Turin), 
He  joined  Society  Cavi  Pirelli  where  he  has 
been  engaged  in  optical  cable  design  and 

development  Dept..  Now  he  is  the  manager  of  the 
Testing  and  Quality  '’ept.  of  Livorno  Ferraris 
Factory.  He  takes  -rt  in  the  work  of 

international  and  n^.^onal  standardization 
bodies,  such  as  CCITT,  IEC,  CEI ,  dealing  with 
optical  fibre  cables  and  systems. 


Giancarlo  Buga 

Society  Cavi  Pirelli 

Stabiliaento  di  Livorno 

Ferraris 

Via  Goretta 

13046  Livorno  Ferraris 

(Vercelli)  -  Italy 


Wu 

mm 


Marco  Floris 

Society  Cavi  Pirelli 

Stabiliaento  di  Livorno 

Ferraris 

Via  Goretta 

13046  Livorno  Ferraris 

(Vercelli)  -  Italy 


Mr.  Floris  was  born  at 

|J|fB  A  S.  Vito  dei  N.  (Brindisi) 

BBBI  Hi  Italy  in  1963  and  re¬ 

ceived  his  doctorate  in 
physics  from  the  University  of  Lecce  in  1986. 
During  the  doctorate  he  developed  studies  about 
non-linear  physics.  He  joined  Societa  Cavi 

Pirelli  -  Livorno  Ferraris  factory  in  1987 
where  he  has  been  involved  in  optical  cable 
measurements  and  software  development  in  the 
Quality  Control  Department. 


Feliciano  Esposto 
SIP  D.G.  R/IT-CM 
Via  di  Val  Cannuta,  250 
00166  Roma  -  Italy 


Mr.  Esposto  was  born  at 
Acervia  (Ancona),  Italy 
in  1948.  He  received  his 
doctorate  in  physics  from 
the  University  of  Torino 
in  1976. In  1969  he  joined 
CSELT,  where  he  did  re¬ 
search  on  optics  and  optical  communications, 
particularly  holography  and  optical  fiber 
characterization.  Since  1980  he  is  with  SIP, 
the  Italian  Telecommunication  Operating 
Company,  which  like  CSELT  belongs  to  the  STET 
group,  where  he  has  been  involved  in  optical 
fiber  transmission  system  design.  At  present  he 
is  the  Manager  of  "Cables,  Apparatus  Design  and 
Outside  Plant"  Division  at  SIP  headquarters  in 
Rome.  Feliciano  Esposto  is  co-author  of  many 
papers  and  lectures  at  Superior  School 
"Guglielmo  Reiss  Romoli".  (At  present  tine,  a 
photo  of  Mr.  Esposto  is  not  available) 


Fabrizio  Nanni 
SIP  D.G.  R/IT-CM 
Via  di  Val  Cannuta,  250 
00166  Roma  -  Italy 


Mr.  Nanni  was  born  at 
Roma,  Italy,  in  1960. 
He  received  the  title  jf 
doctor  in  Physiscs  from 
the  University  of  Rome  La 
Sapienza.From  1986  he  has 
collaborated  with  the  la¬ 
boratory  of  research  on  optical  communications: 
Fondazione  "U.  Bordoni"  in  Rome  working  on 
Photoconductivity  Ultrafast  Phenomena, 
Semiconductor  Lasers  and  Ultrafast  Photodiodes 
characterization.  In  1988  he  joined  SIP,  the 
Italian  Telecommunication  Operating  Company, 
where  he  has  been  engaged  in  the  study  and 
development  of  optical  fibres,  copper  cables  as 
well  as  optical  cables  specification  and 
characterization  both  in  laboratory  and  in 
field.  Moreover  his  present  responsibilities 
include  CCITT  Comm.  XV,  IEC  86A,  ETSI-TMI  and 
COST  218  activities.  (At  present  time,  a  photo 
of  Mr.  Nanni  is  not  available) 


458  International  Wire  &  Cable  Symposium  Proceedings  19§p 


ELABORATION  OF  THL  DATA  OBTAINED  FROM  ELECTRICAL  MEASUREMENTS  CARRIED  OUT  ON 
DISTRIBUTION  CABLES  WITH  POLYETHYLENE  INSULATED  PAIRS 


G.  BUGA  {*),  A.  CHECCHIA  (*),  N.  SCAFURO  {*),  G.  CLERICO  (*),  F.  MONTALTI  (**),  S.  GAY  (**) 


(*)  SOCIETA’  CAVI  PIRELLI,  MILANO  (ITALY)  -  (**)  SIP  D.G.,  ROMA  (  'ALY) 


ABSTRACT 

We  have  implemented  an  information  system, 
running  on  a  personal  computer,  that  is  capable 
of  processing  the  data  obtained  from  electrical 
measurements  carried  out  on  copper  pair 
telecommunication  cables  and  of  producing  a 
complete  statistical  evaluation  of  the 
production.  The  statistical  coefficients 
obtained  not  only  serve  as  quality  indicators 
to  the  customer  in  accepting  product  checked  on 
a  sampling  basis,  but  are  also  useful,  within 
the  factory,  for  assessing  the  beBt  course  of 
action  to  take  either  to  correct  the  production 
process  or  to  improve  product  quality. 

We  believe  that  this  is  an  important  step 
in  the  achievement  of  a  factory  working  to  a 
Total  Quality  Assurance  standard. 


INTRODUCTION 

In  a  Quality  Assurance  system  the  management  of 
data  in  an  appropriate  information  system  is  of 
particular  relevance. 

The  data  itself  may  derive  from  various  sectors 
of  the  company  and  may  provide  information 
regarding  raw  materials,  production  processes 
or  finished  products. 

Within  the  company,  the  analysis  of  these  data 
has  implications  not  only  for  the  production 
activity  but  also  for  other  functions  aimed  at 
preventing  problems,  such  as  design  and 
material  procurement. 

Data  analysis  is  also  important  to  the 
customer,  who  wants  to  be  provided  with 
adequate  information  regarding  the  quality  of 
the  supplied  product. 

The  present  paper  describes  a  system  which 
elaborates  the  data  obtained  from  measurements 
carried  out.  on  copper  pair  telecommunications 
cables  which  have  polyethylene  insulation,  with 
polyethylene/aluminium  moisture  barrier  sheath, 
and  may  be  filled  or  unfilled,  and  armoured  or 
unarmoured,  depending  on  requirements. 

These  cables  form  the  most  important 
part  of  the  urban  distribution  network  of 


SIP  (*)  together  with  optical  cables  which  are 
more  widely  used  in  the  urban  junction  network 
and  the  medium  and  long  distance  trunk  network. 
Among  the  many  measurements  (dimensional, 

mechanical,  physical,  electrical  and 
transmissive)  performed  on  the  copper  pair 
cables  during  the  production  process,  those 
regarding  the  electrical  and  transmissive 

properties  of  the  finished  cable  are 

particularly  important  (1). 

This  is  because,  only  at  the  finished  cable 
stage,  it  is  possible  to  know  the  definitive 
value  of  many  of  the  characteristics  and 
thereby  confirm  the  correctness  of  actions 

taken  earlier  in  the  production  process. 

This  paper  describes  in  detail  the  system, 
called  ARGO,  which  has  been  developed  for  this 
purpose. 

OBJECTIVES 

To  obtain: 

1)  Operational  information  for  each  cable 
length  and  for  each  production  lot. 

The  former  enables  identification  of 
non-conforming  or  otherwise  unsatisfactory 
cable  lengths  and  permits  decision  on  immediate 
action. 

The  ’atter,  generally  on  a  weekly  basis,  allows 
thf  application  of  statistical  criteria  for 
eacn  characteristic  to  decide  the  acceptance  or 
rejection  of  each  lot. 

2)  Monthly  quality  information  that  permits 
decisions  on  eventual  remedial  action  or  on 
product  improvement. 

DESCRIPTION  OF  THE  ARGO  SYSTEM 

The  system  elaborates  all  the  data  obtained 
from  the  automatic  measurement  apparatus. 

These  include  the  basic  electrical 
characteristics  of  the  cables,  both  at  low 
frequency  (d.c.  and  voice  frequency)  and  at 
high  fiequency,  and  comprise: 

Ohmic  resistance  d.c. 

Capacitance  1000  Hz 

Capacitance  unbalance  (pair  to  pair)  1000  Hz 

Capacitance  unbalance  (pair  to  earth)  1000  Hz 

Impedance  1  MHz 

Attenuation  1  MHz 


(*)  principal  Italian  Telecommunication 
Operating  Company 
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Far  end  crosstalk  (ELFEXT)  and  near  end 
crosstalk  (NEXT)  measured  at  1  MHz  according  to 
the  following  combinations: 

-  Type  A  ELFEXT  within  each  subunit 

-  Type  B  ELFEXT  between  adjacent  subunits 

-  Type  C  NEXT  within  each  subunit 

-  Type  D  NEXT  between  adjacent  subunits 

-  Type  E  NEXT  between  non-adiacent  subunits 

All  of  the  above  characteristics  are  measured 
within  unit  (100  pairs)  on  large  cables  or  on 
the  entire  cable  when  there  are  less  than  100 
pairs  in  the  cable. 

The  measurements  are  carried  out  according  to  a 
statistical  sampling  plan  based  on  a  given 
percentage  of  lengths  and  units  (1). 

To  ensure  that  meaningful  information  is 
obtained  from  the  statistical  elaboration)  the 
cables  are  grouped  together  according  to  type 
of  construction  (i.e.  filled  or  unfilled), 
conductor  diameter  (0.4  -  0.6  mm)  and  number  of 
pairs. 


Table  1.  Example  of  grouping 

codes 

for  cables 

with  0.4  mm  conductors: 

No. of  pairs  2400 

1200 

400 

200 

10 

1600 

800 

100 

50  30 

No. of  unit  layers  3 

2 

1 

1 

1 

0.4  mm  unfilled  G4S1 

G4S2 

G4S3 

G4S4 

G4S0 

0.4  mm  filled 

G4T2 

G4T3 

G4T4 

G4T0 

The  statistical  analysis  makes  use  of  the 
method  of  variables  [2]  [3],  both  as  a  basis 
for  product  acceptance  and  for  the  periodic 
quality  information. 

For  each  of  the  above  groupings,  the  typical 
population  element  is  the  individual  pair  and 
it  is  therefore  possible  to  ensure  that  sample 
of  sufficient  size  for  statistical  analysis  is 
achievable  with  currently  available  automatic 
test  equipment. 

In  practice,  these  equipments  allow  the 
complete  examination,  both  at  voice  frequency 
(1000  Hz)  and  high  frequency  (1  MHz),  of  100 
pairs  (10x10  pairs)  in  a  relatively  short  time. 
According  to  the  sampling  criteria  employed  it 
is  therefore  possible  to  generate  a 
considerable  amount  of  data  obtained  from 
measurements  on  the  pairs  of  the  various  cable 
lengths. 

By  collecting  together  these  data  on  the  basis 
of  cable  grouping,  a  statistically  large 
population  is  achieved  and  sampling 
uncertainties  are  thus  minimised. 

If  production  is  well  managed  with  regard  to 
the  QA  plan  then  the  target  of  achieving  a 
product  which  conforms  with  the  design  and 


(i)  It  is  not  in  fact  possible  to  refer  to  the 
actual  size  of  an  inspection  lot  in  continuous 
production.  Sampling  is  also  based  on  an 
appropriate  choice  of  the  units  in  the  cable, 
the  minimum  criterion  being  at  least  one  unit 
from  each  layer. 


specifications  is  attained  by  a  reasonably 
stable  process,  either  from  a  knowledge  of  the 
process  capability  and  therefore  automatically 
controlled,  or  from  planned  measurements  checks 
in  each  stage  of  the  process  (i.e.  using 
control  charts). 

It  is  of  course  implicit  that  such  techniques 
do  not  limit  improvement  of  the  product. 

The  analysis  of  the  measurements  carried  out  on 
the  finished  cables  therefore  indicates  the 
level  of  conformity  and  the  stability  of  the 
production  process. 

To  achieve  this  goal  it  is  sufficient  that  the 
analysis  is  carried  out  on  relatively  short 
production  periods  (i.e.  weekly). 

Furthermore,  it  is  possible  to  judge  the 
statistical  conformity  of  each  characteristic, 
by  means  of  appropriate  coefficients  relating 
to  the  estimated  out  of  limit  percentages,  to 
compare  with  the  present  Acceptable  Quality 
Levels  (AQL). 

ORGANIZATION  OF  THE  DATA  ELABORATION 

Elaboration  occurs  in  correspondence  with  two 
important  phases  of  the  production;  these  are: 

-  Inspection  of  the  delivery  lots  (e.g.  weekly) 

-  Qualitative  information  (e.g.  monthly) 
prepared  by  elaboration  of  all  the  data 
obtained  from  the  weekly  inspections. 


Flow  chart  for  date  elaboration: 
Weekly  inspection  n°: 


ELABORATION  OF  DATA  FROM  WEEKLY  INSPECTION 

Having  grouped  the  cables  according  to  the 
criteria  of  Table  1,  each  length  measured  by 
the  automatic  apparatus  is  checked  for 
conformity  to  the  specifications. 


460  International  Wire  &  Cable  Symposium  Proceedings  1990 


Data  elaboration  then  proceeds  as  follows: 
Electrical  characteristics  (other  than 

crosstalk) 

.  Ohmic  resistance  (d.c. ) 

.  Mutual  capacitance  (1000  Hz) 

.  Capacitance  unbalance  (1000  Hz) 

.  Attenuation  (1  MHz) 

.  lapedance  (1  MHz) 

Fron  the  data  collected  for  each  cable  length 
the  distribution  parameters  minimum,  maximum, 
mean  and  sample  standard  deviation  are 
calculated. 

Then,  using  all  the  accumulated  data  for  all 
cable  lengths  of  the  same  grouping,  which  have 
been  measured  during  the  week,  the  following 
parameters  are  obtained:  minimum,  maximum,  95th 
percentile,  median,  mean,  standard  deviation, 
sample  size,  number  of  data  out  of  specifica¬ 
tion  and  their  values,  and  the  standardised 
variate  Z  as  an  evaluation  of  quality. 

In  the  case  of  capacity  unbalances,  the  above 
parameters  for  each  length  and  for  the  week  are 
calculated  from  the  absolute  values  of  the  da¬ 
ta, then,  using  the  same  data  with  correct  sign, 
the  parameters  of  mean,  standard  deviation  and 
stardardised  variate  Z  are  also  obtained. 
Additionally  for  capacitance  unbalances  based 
on  the  absolute  values  of  the  data  accumulated 
during  the  week,  the  qualitative  coefficient 
Cpk  is  calculated  [4].  This  coefficient,  which 
is  defined  in  Appendix  1,  evaluates  the  ability 
of  a  process  to  satisfy  requirements  and  with 
what  margin  of  safety,  especially  in  the  case 
of  particularly  numerous  distributions. 

The  coefficient  Cpk  is  calculated  with 
reference  to  the  specified  limits  for  95X  of 
the  values. 

There  is  also  the  possibility  to  request 
statistical  diagrams  of  the  accumulated  data: 
histograms,  cumulative  frequency  and  NPG.  (1) 
The  standardised  variate  Z  is  calculated  from 
the  formula  given  in  Appendix  1  and  is  compared 
to  the  corresponding  acceptance  value  K  which 
is  determined  from  the  specified  AQL. 

Typical  values  of  K  for  various  values  of  AQL 
are  given  in  Appendix  1. 

Note  that  the  number  of  accumulated  data  for 
each  characteric,  measured  on  many  lengths  of 
the  same  lot,  can  easily  reach  many  hundreds 
and  often  several  thousands  (see  Appendix  2). 
This  means  that  the  uncertainly  in  the  calcula¬ 
tion  of  Z  and  Cpk  is  reduced  to  the  minimum  and 
therefore  the  statistical  evaluation  is  practi¬ 
cally  certain,  both  from  the  point  of  view  of 
the  producer  (risk  of  rejecting  a  compliant 
lot)  and  of  the  customer  (risk  of  accepting  a 
non-compliant  lot). 

CROSSTALK  CHARACTERISTICS:  ELFEXT  AND  NEXT  AT  1 
MHz. 

Tn  this  case  the  specified  requirements  for  the 
five  combinations  are  given  for  each  measured 
group. 


The  data  are  therefore  examined  group  by  group 
for  conformity  to  the  specifications  and,  for 
statistical  characterisation,  they  are 
accumulated  for  each  cable  length  when  more 
units  are  measured  (eg.  3  units  for  2400  pair 
cable  =  24x100  pairs). 

Referring  to  one  single  cable  length,  in  fig.  1 
is  reported  the  histogram  of  C  NEXT,  while  in 
fig.  2  is  plotted  the  NPG  graph  relative  to  the 
previous  histogram. 

Based  on  past  experience,  the  size  of  the 
distributions  obtained  is  sufficient  for 
analysis. 

The  weekly  inspection  therefore  reports  two 
sets  of  statistical  parameters;  the  first  based 
on  the  data  for  each  unit,  and  the  second  based 
on  the  accumulated  data  for  all  the  cable 
length  of  the  same  grouping. 

The  reported  parameters  are:  mean,  minimum, 
maximum,  98th  (or  99th)  percentile,  median, 
standard  deviation,  number  of  combinations 
measured,  and  number  of  measurements  out  of 
specification  with  details  of  their  values. 

To  evaluate  the  production  process  it  is 
necessary  to  examine  distribution  which  are 
typically  non-normal. 

This  involves  calculation  of  the  process 
coefficients  Cpk  (see  Appendix  1)  for  each 
unit,  for  each  cable  length,  and  then  for  all 
the  accumulated  data  from  all  the  cable  lengths 
measures. 

By  examining  the  coefficient  Cpk  from  all  the 
data  it  is  possible  to  evaluate  the  stability 
and  alignment  of  the  process  and  its  margin  of 
safety  with  respect  to  the  specified  limits. 

MONTHLY  AND  ANNUAL  INFORMATION 

Prom  the  data  obtained  from  the  weekly 
inspections  during  one  month  it  is  possible  to 
prepare,  for  each  cable  grouping  (see  table  1), 
a  monthly  summary  of  the  parameters  which 
characterise  the  weekly  distributions. 
Additionally,  for  each  measured  characteristic 
and  distribution  parameter,  monthly  values  for 
process  mean,  process  standard  deviation  and 
average  statistical  evaluation  coefficients 
(see  Appendix  1  for  formulae)  are  given 
together  with  their  ranges. 


Weekly  Monthly 

Max  and  min  values  x  x 
95th  percentiles  (2)  x  x 
98th  percentiles  (3)  x  x 
Mean  values  (4)  x  x 
Med. an  values  x  x 
Standard  deviation  (4)  x  x 
Coefficients  Z  and  Cpk  (4)  x  x 


2)  Electrical  characteristics  other  than 
crosstalk 

3)  Crosstalk  characteristics 

4)  With  calculation  of  the  process  average 


(1)  NPG  =  Normal  Probability  Graph 
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A  sinilar  arrangement  is  used  for  the  annual 
summary. 

Customers  that  regularly  receive  the  monthly 
information  therefore  have  a  complete  knowledge 
of  the  quality  achieved  by  the  manufacturer, 
based  on  all  the  measured  data. 

Appendix  2  gives  examples  of  the  elaboration 
for  various  typical  parameters  of  a  cable 
grouping. 

METHOD  OF  DATA  ELABORATION 

The  results  of  all  the  electrical  measurements 
performed  by  the  automatic  apparatus  for  each 
unit  are  stored  in  files. 

These  are  then  transfered,  by  means  of  high 
density  5’ 14"  floppy  disks,  to  the  hard  disk 
(capacity  >  30  MB)  of  commercially  available 
personal  computer  with  a  maths  co-processor; 
from  whence  data  elaboration  is  carried  out 
automatically. 

By  means  of  a  menu  driven  program,  the  operator 
has  only  to  enter  identification  data  for  the 
units  measured  during  the  week  and  cross 
references  lot  number,  works  code,  period,  etc. 
All  the  work  of  elaboration  and  presentation  of 
the  data  in  graphical  form  is  carried  out 
automatically  without  the  presence  of  the 
operator. 

STATISTICAL  EVALUATION  CRITERIA 
Weekly  inspection 

For  each  characteristics,  including  capacitance 
unbalance  with  correct  sign,  the  coefficient  Z 
is  calculated  according  to  the  formula  given  in 
Appendix  1  and  is  then  compared  with  the 
acceptance  value  K,  which  has  been  calculated 
for  the  chosen  AQL  for  the  size  of  sample 
available. 

If  Z  >  K  then  the  lot  is  acceptable. 

In  some  cases  the  calculation  of  Z  is  not 
reliable  and  it  is  necessary  to  resort  to  the 
coefficient  Cpk,  as  defined  in  Appendix  1. 

PERIODIC  QUALITY  INFORMATION 

For  each  characteristic  the  condition  for 
conformity  to  the  specification  is  Cpk  >  1 
(where  Cpk  is  calculated  with  the  formula  in 
Appendix  1).  However,  much  company  effort  is 
expended  on  improvement  and  so  many  Cpk  values 
are  notably  greater  than  1. 

In  some  cases  the  alternative  criterion  of  Z 
greater  than  K,  as  above,  is  used. 

CONCLUSIONS 

The  ARGO  system  has  shown  itself  to  be  an 
important  tool  for  data  management  not  only  for 
external  use,  where  it  provides  complete 
quality  information  based  on  all  performed 
measurements,  but  above  all  for  internal  use  as 
an  element  of  quality  management  and  in 
supporting  product  improvement  and  corrective 
action  when  necessary. 


The  system  has  been  in  service  for  about  one 
year  and  will  gradually  be  improved  in  the 
light  of  experience,  adding  subsidiary  service 
programs  if  necessary. 
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standardised  variate: 


Appendix  1 

ORKULAS 

process  capability: 

for  Cap.  Unbalance:  for  Cross-Talk: 
„  L95X  '  *50X  „  1  ‘  L98* 


*95*  '  x50t 


>  f).  •  X. 

process  _  —  i  1 

average  i  =  — - 


process 

standardized  Z 


\  !  r’“5 


>  (a.  -  ij-s?  t  >  n.*i: 


Kit 

S 


>  n.-x. 

R  1  1 


standard  S  =  \  / 
deviation  p  \/ 


L.ys  spec,  liait  on  tax  L.,,=  sp.l.  on  9SX  L..  =  sp.t.  on  981 


Xjjj  =  aedian  value 


ijjj  =  value  at  95X 


J98X  :  v**ue  st  58X 


is=  average  of  values  with  sign  (  x  =  xg  if  values  are  all 

positive) 

S  =  stand,  dev.  of  values  with  sign  (  S  :  S  if  values  are  all 

3  positive) 


x  :  process  average  value 


Sf=  process  stand,  deviation 


a  ••  o'  of  saapies  N  :  total  data  n'  n.=  data  n'  of  i  saaple 


x.:  average  value  of  i  saaple 


S.=  stand. dev.  of  a  saaple 


Acceptance  coefficient  K 


for  1000  data: 


AM 

0.15  X 

I 

2.9 

AQl 

0.25  X 

R 

2.75 

AQL 

0.5  X 

l 

2.5 

ACL 

1  X 

l 

2.27 

Appendix  2 

SOCIETA ’  CAVI  PIRELLI  S.p.A. 

mtmmtmtmtmtmtttttmtmttumttttutitmMMttmt 

TEST  DEPT.  -  LIVORNO  PERRARIS  DATE:  06/01/1990 

OPERATOR:  TBST  DEPT.  HARALBR: 

KOMHLT  SUNKART  OP  ELECTRICAL  MEASUREMENTS  NORM.  AT  20'C 

CARRIED  OUT  B?  DCK  DEVICE  NORTH  OF  MT 

CUSTOMER:  SIP  VESILT  IRSPECTIOE:  TB90/M .TE90/15 .TB90/1T 

SPECIFIC. :SIP  1240  DELIVER?  K':3  CABLE  FAMILY:  GfSl  VEER  N‘:3 
CABLE  SIZES:  n'  13  TE2400t2I0.4G/BSE 
MEETLY  FILES:  04S1.4,C4S1.8,fl<S1.10 _ FILE  DUMBER:  KAG04SI.4 

PAIR-PAIR  CAP.  IIK9AL.  (pF/SOOa)  L9SX:l^pF/500a  LRAI=150pF/500a 


average 
aedian 
9SX  value 


average  (-) 

*  I-) 

ZH 

data  K' 


1*  week 

2*  week 

3‘  seek 

0.00 

0.00 

0.00 

8.05 

7.76 

7.94 

5.07 

4.40 

5.01 

28.21 

26.91 

27.95 

84.94 

64.09 

60.05 

4.10 

4.25 

4.14 

1.04 

0.54 

0.56 

12.53 

12.38 

12.31 

11.89 

12.07 

12.0' 

8100 

5400 

4051 

.  K‘  0 

0 

1 

ave*  12.45 

aax  12.63 

ain  11.89 

ave»  11.98 

aax  12.07 

17550 
0 

0.00  X 


55 


X  data  out  of  spec.  0.00  X  0.00  X  0.00  X  |  0.00  X 

>:aonthly  process  average  value  (-preferred  to  values  with  sign 


WORK  N#:  11569.H01  AVERAGE:  67.15  «» 

C.  FAH.r  G4S1  MEDIAN  =  66.00 

GROUP  :  01,04,15  SI. DEV.:  7.53  ™ 

STEP,  : 4.00aB  DATA  N?:1350  b* 

-  b01.5 


Fig.  1 

C  NEXT  histogram 
for  one  cable  length 
Size  TE2400x2x0 . 4G/H5ENE 


(-■--) LMIN: 50  3B 


t  EH  12  100  IDE 

CHARACTERISTIC  VALUES 


International  Wire  &  Cable  Symposium  Proceedings  1990  463 


bOMtHLi  soaaart  op  electrical  keasurbhbhts  kora.  AT  20  c 
CARRIED  OUT  8?  OCR  DBViCE 

ROUTE  OF  IAT 

CUSTOMER:  SIP  VBEILY  IHSPECTIOM:  TE90/14 ,TE90/15,TE90/17 

SPECIFIC. :SIP  1210  DELIVER!  H‘:3  CABLE  FAMILY :  GISI  VESE  N':3 
CABLE  SIZES:  n*  13  TE2A00X2X0. 4G/H5B 

VBBRLT  FILES:  G4S1 .4 ,C4S1 .S.G4S1 . 10  FILE  NUMBER:  NAGG4S1.4 


NBIT  -  CROSS-TALK  COMB.  C  (dB/Ei)  LMIN=50dB/Ei  LMAX=63dB/U 


MONTBLT  SUMMARY  OF  ELECTRICAL  MEASUREMENTS  NORM.  AT  20  C 
CARRIED  OUT  B?  CCA  DEVICE 

MONTH  OF  11! 

CUSTOMER:  SIP  REBEL!  INSPECTION:  T890/14 .TB90/15 .TE90/17 

SPECIFIC. :SIP  1240  DELIVER!  IT :3  CABLE  FAMILT:  G4S1  VEEI  *':3 
CABLE  SIZBS:  p'  13  TE2400X2X0.4G/BSS 


MEEKLY  FILES:  G4S1 .4 ,G4S1 . 8.G4S1 . 10 


FILE  NUMBBR:  MAGG4S1.4 


MONTHLY  SUMMARY  OF  NON-CROSS-TALK  PARAMETERS 


1*  Meek  2‘  week  3‘  week 


lonth  range 


liniiui 

tin 

48.0 

48.5 

(6.7 

46.7 

III 

50.5 

51.3 

50.1 

51.3 

98X  vtlue  110 

SIX 

(O  r» 

51.3 

53.5 

52.1 

53.7 

51.3 

54.3 

tin 

(4.3 

64.2 

64.0 

64.0 

avenge 

»ve* 

65.0 

■ax 

65.7 

66.3 

65.3 

66.3 

i 

lamui 

■in 

86.5 

89.5 

86.4 

86.4 

tax 

96.9 

123,7 

103.8 

123,7 

- 

aic 

1.12 

1.10 

1.17 

1.10 

:  CPE 

eve* 

1.16 

: 

iax 

1.39 

1.33 

1.33 

1.39 

lio 

6.73 

6.72 

6.59 

6.59 

s 

ive* 

7.32 

l&X 

7.84 

7.90 

7.80 

7.90 

LA:  tver.lial  RESIST. 
LMAX:  upper  (2/Si) 
lii  of  spec. 

L95X:  lit.  LA=144 
LKAX=150 


132.54 

134.82 


136.58 

average  »ve*|  138.04 


d.  out  of  spec.  N  16 

13 

10 

1  d.  out  of  spec.  0.20  X 

0.24  X 

0.25  X 

*  :  lonthli  process  aversee  vtlue 


Mini 


IHUmil 


1.73 

0.33 

2.70 

0.47 

2.91 

0.41 

6.94 

13.39 

7.24 

12.18 

10.38 

19.00 

I  ■*i'»i  tmn  mm  mnnoim  unnl 


569.N01 

SI 

,04.15 


JWSWb m  i  'li  > 

SHS 


DATA  N®:1350 


Giancarlo  Buga 
Societa  Cavi  Pirelli 
Stab,  di  Livorno  Ferraris 
Via  Goretta 
13046  Livorno  Ferraris 
(Vercelli)  -  Italy 

Mr.  Buga  was  born  at  Rho 
(Milano),  Italy  in  1957 
and  received  his  doctor¬ 
ate  in  electronic  engi¬ 
neering  from  the  Poly¬ 
technic  of  Milan.  During  the  doctorate  he  de¬ 
veloped  studies  about  coherent  optical  trans¬ 
mission  at  CSELT  (Turin).  He  joined  Societa  Ca¬ 
vi  Pirelli  where  he  has  been  engaged  in  optical 
cable  design  and  development  Dept.  Now  he  is 
the  Manager  of  the  Testing  and  Quality  Dept,  of 
Livorno  Ferraris  Factory.  He  takes  part  in  the 
work  of  international  and  national  standardiza¬ 
tion  bodies,  such  as  CCITT,  IEC,  CEI ,  dealing 
with  optical  fibre  cables  and  systems. 


Andrea  Checchia 
Societa  Cavi  Pirelli 
GT/I-Q  C.  2411 
Viale  Sarca,  202 
20126  Milano  -  Italy 

Mr.  Checchia  was  born  at 
Ancona,  Italy  in  1960. 
He  received  his  electron¬ 
ic  engineering  degree 
from  the  University  of 
Ancona  in  1987.  He  was 
the  holder  of  a  scholar¬ 
ship,  awarded  by  Fondazione  G.  Marconi  of  Pon- 
tecchio  (Bologna,  Italy),  for  studying  optical 
fibre  profile  synthesis.  He  joined  the  Telecom¬ 
munication  Group  of  Societa  Cavi  Pirelli  S.p.A. 
in  1989  where,  in  the  Quality  Department,  he 
has  been  involved  in  the  development  of  soft¬ 
ware  for  quality  control  of  conventional  and 
optical  fibre  cables. 


Nicola  Scafuro 
Society  Cavi  Pirelli 
Stabilimento  Alfacavi 
S.  P.  135  -  Km.  4.500 
84091  Battipaglia 
(Salerno)  -  Italy 

Mr.  Scafuro  was  born  in 
1955  and  received  his 
M.S.  in  electronic  engi¬ 
neering  degree  from  Uni¬ 
versity  of  Naples  in  1980 
He  was  involved  in  the 
research  and  development  of  phased  array 
antennas  up  to  1985  and  afterwards  in  the 
production  and  testing  of  optical  fiber  cables. 
He  joined  Societa  Cavi  Pirelli  in  1988  and  he 
is  currently  the  Quality  Assurance  Manager  of 
Azienda  Alfacavi  TLC  of  the  Pirelli  Group. 


Giorgio  Clerico 
Societa  Cavi  Pirelli 
GT/I-P  C.  2412 
Viale  Sarca,  202 
20126  Milano  -  Italy 

Mr.  Clerico  was  born  at 
Vische  (Torino),  Italy  in 
1949.  He  received  his 
electrotecnic  engineering 
degree  from  Polytecnic  of 
Turin  in  1973.  He  joined 
Societh  Cavi  Pirelli  in 
1978  where  was  involved  in  Quality  Control  of 
Telecommunication  cables;  at  present  he  is 
engaged  in  cable  design  Dept,  and  also  takes 
part  in  the  work  of  international  and  national 
standardization  bodies,  such  as  CCITT,  CECC, 
IEC,  dealing  with  optical  fibre  cables. 


Francesco  Montalti 
SIP  D.G.  R/IT-CM 
Via  di  Val  Cannuta,  250 
00166  Roma  -  Italy 

Mr.  Montalti  was  born  at 
Firenze,  Italy  in  1953. 
He  received  the  doctor¬ 
ate  in  Physics  from  the 
University  of  Rome  in 
1976.  In  1979  he  joined 
the  Research  Centre  of 
Industrie  Face  Standard 
in  research  about  optical 
optics  and  optical 
In  1985  he  joined  SIP, 
the  Italian  Telecommunication  Operating  Company 
where  he  is  currently  responsible  of  the 
development  of  cable  and  apparatus  fbr 
Telecommunication  plants.  He  is  involved  in  the 
activities  of  International  Standardization 
Entities  namely  CCITT  and  IEC. 


where  he  was  engaged 
fibres,  integrated 
transmission  systems. 


Stefano  Gay 
SIP  D.G.  R/IT-CQ 
Via  di  Val  Cannuta,  182 
00166  Roma  -  Italy 

Mr.  Gay  was  born  in  Roma 
in  1949.  He  received  his 
electronic  engineering 
degree  from  the  Univer¬ 
sity  of  Roma  in  1975.  He 
specialized  in  telecommu¬ 
nications  at  Istituto  Su- 
periore  PT  in  Roma  and  in 
quality  and  reliability  engineering  in 
Birmingham  UK.  His  professional  activities  be¬ 
fore  joining  SIP  include:  TELECOMMIT-Transmis- 
sion  apparatus  sector;  FATME  (Ericsson  Group)  - 
Switching  systems  sector;  PAGE  EUROPE  (Contcl 
Group)-Product  management  in  radio  transmission 
equipment.  Since  joining  the  Transmission 
Network  Engineering  Division  of  SIP  two  years 
ago,  he  has  been  in  charge  of  the  Control  and 
Technical  Qualification  of  Manufacturers 
Service  in  the  Quality  Control  Sector. 


International  Wire  &  Cable  Symposium  Proceedings  1990  465 


EVALUATION  OF  FUNGAL  AND  BACTERIAL  GROWTH  IN  SIMULATED  FIBER 
OPTIC  CABLES  CONTAINING  WATERBLOC^ING  TAPES. 


D.A.  Ross  McQueen  and  Lynne  E.  Windsor 


KT  Industries  Ltd. 
Winnipeg,  Manitoba,  Canada 


ABSTRACT 

Waterblocking  tapes  used  in  telecommunication 
cables  usually  consist  of  a  pair  of  permeable 
substrates  laminated  together  enclosing  a 
superabsorbent  polymer  in  powder  form.  The 
substrates  may  be  constructed  from  paper  or 
from  man-made  fibers.  In  most  cases  the  tape 
is  wrapped  around  the  cable  core  beneath  the 
jacket  or  shield.  If  water  enters  the  cable 
the  tape  swells  and  blocks  the  movement  of 
water  along  the  cable.  If  bacteria  or  fungi 
multiply  in  the  wetted  waterblocking  tape, 
elements  or  compounds  detrimental  to  the  cable 
may  be  produced.  Using  a  device  that  simul¬ 
ates  the  interior  of  a  telecommunication  cable, 
measurements  of  the  bacterial  and  fungal  pop¬ 
ulations  of  waterblocking  tapes  were  conducted. 
Different  permeable  substrates  were  tested 
as  were  several  antimicrobial  compounds. 


INTRODUCTION 

Exposure  to  hydrogen  can  cause  a  reduction  in 
the  transmission  qualities  of  fiber  optic 
cables  (1).  Microbial  production  of  hydrogen 
is  one  source  of  this  gas.  The  growth  of  both 
fungi  and  bacteria  is  of  importance  when  con¬ 
sidering  the  microbial  production  of  hydrogen 
inside  a  cable.  Many  bacteria  are  synthesizers 
of  hydrogen  (5) ;  and  fungi  are  primary  bio¬ 
degraders  that  will  provide  a  nutrient  source 
for  the  hydrogen  producing  bacteria.  Bacterial 
and  fungal  growth  may  occur  when  the  interior 
of  the  cable  is  wetted  following  a  cable  break. 
The  amount  of  growth  inside  the  cable  will 
depend  on  the  nutrients  inherently  present  in 
the  cable  components  and  also  on  the  amount  of 
nutrients  in  the  water  that  has  entered  the 
cable. 

In  this  paper  a  method  is  described  that  sim¬ 
ulates  conditions  in  the  interior  of  a  cable 
and  allows  an  estimate  of  the  amount  of  micro¬ 
bial  growth  that  would  occur  if  the  cable 
shielding  is  disrupted  and  water  is  allowed  to 
enter.  Paper  and  spun  bonded  polyester  (SBP) 
were  compared  for  their  ability  to  support 
bacterial  and  fungal  growth.  In  addition, 
several  antimicrobials  were  screened  for  their 
effectiveness  in  preventing  fungal  and  bacterial 
growth . 


MATERIALS  AND  METHODS 


Construction  of  Simulated  Cable 

Figure  1  shows  three  sections  of  simulated  cable. 
It  was  constructed  of  two  main  components:  a 
piece  of  acetal  rod  (10  mm  x  113  mm)  and  a  pieqe 
of  polycarbonate  tubing  (12  mm  ID  x  75  mm).  The 
acetal  rod  simulated  the  core  of  the  cable  and 
the  tubing  simulated  the  jacket.  A  57  mm  x  70  mm 
piece  of  waterblocking  tape  was  wrapped  around 
the  acetal  rod  which  was  then  inserted  into  the 
polycarbonate  tubing. 

Source  of  Fungi 

Cultures  of  Aspergillus  niger,  Aspergillus  flavus 
and  Penicilllum  funiculosum  were  kindly  provided 
by  Dr.  S.  W.  Peterson  of  the  USDA  Northern 
Regional  Research  Centre. 

Source  of  Bacteria 

Cltrobacter  freundll  was  obtained  from  the 
American  Type  Culture  Collection. 

Media  Preparation 

Fungal  cultures  were  propagated  on  Special 
Methods  Agar  which  consists  of  5.0  grams  of 
pancreatic  digest  of  casein,  2.5  grams  of  yeast 
extract,  1.0  gram  of  dextrose  and  15  grams  of 
agar  per  liter.  The  mineral  salts  media  used  to 
prepare  fungal  inoculum  contained  40  mM  ammonium 
nitrate,  8  mM  monobasic  potassium  phosphate, 

3  mM  potassium  chloride,  and  1  mM  magnesium 
sulfate  (10).  The  mineral  salts  media  used  to 
prepare  bacterial  inoculum  contained  12.4  mM 
ammonium  nitrate,  5.1  niM  potassium  phosphate 
(monobasic) ,  4  mM  potassium  phosphate  (dibasic) , 
2.8  mM  magnesium  sulphate,  .08  mM  sodium 
chloride,  .007  mM  iron  sulfate,  .007  mM  zinc 
sulphate  and  .006  mM  manganese  sulphate  (2) . 
Nutrient  agar  was  prepared  by  adding  agar  to  a 
concentration  of  1.5%  to  nutrient  broth  which 
consists  of  3  grams  of  beef  extract  and  5  grars 
of  peptone  per  liter. 

Cultivation  of  Fungi 

The  fungi  were  grown  on  special  methods  agar  at 
28°C.  After  5  to  6  days  growth,  20  mis  were 
taken  from  a  100  ml  aliquot  of  sterile  mineral 
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salts  media  and  poured  onto  the  plate  to  be 
harvested.  The  surface  of  the  plate  was  then 
scraped  with  a  sterile  loop,  and  the  resulting 
spore  suspension  was  poured  back  into  the  flask 
containing  the  100  mis  of  mineral  salts  media. 

Cultivation  of  Bacteria 

C.  freundll  was  grown  on  nutrient  agar  at  34°C . 
After  1  to  2  days  growth,  20  mis  were  taken  from 
a  100  ml  aliquot  of  sterile  mineral  salts  media 
and  poured  onto  the  plate  to  be  harvested.  The 
surface  of  the  plate  was  then  scraped  with  a 
sterile  loop,  and  the  resulting  suspension  was 
poured  back  into  the  flask  containing  the  100  mis 
of  mineral  salts  media. 

Inoculation  of  the  Simulated  Cable 

Inoculum  was  drawn  up  between  the  rod  and  tubing 
into  the  waterblocking  tape  to  a  distance  approx¬ 
imately  one-half  way  up  the  tube  leaving  an 
interface  between  the  wet  area  and  the  dry  area. 
The  simulated  cable  was  weighed  before  and  after 
inoculation  so  that  the  amount  of  inoculum  could 
be  calculated.  One  gram  of  increased  weight  was 
assumed  to  be  one  milliliter  of  inoculum. 

Evaporation  from  the  top  was  prevented  by  wrap¬ 
ping  adhesive  tape  around  the  junction  of  the 
rod  and  tube.  Evaporation  from  the  bottom  was 
prevented  by  either  incubating  the  tube  with  its 
bottom  in  mineral  salts  media  or  by  wrapping  the 
bottom  with  aluminum  foil  and  masking  tape. 

This  created  a  situation  similar  to  that  which 
occurs  when  the  jacket  of  a  cable  is  disrupted; 
the  waterblocking  tape  becomes  saturated  with 
water  and  there  is  a  limited  evaporation  surface 
from  which  the  water  can  escape. 

Determination  of  Fungal  Growth 

The  presence  or  absence  of  fungal  growth  in  the 
simulated  cable  was  determined  microscopically 
using  a  dissecting  microscope  after  7  days  incu¬ 
bation.  The  presence  of  reproductive  structures 
characteristic  of  the  inoculated  fungus  were  used 
as  an  indication  that  fungal  growth  had  taken 
place. 

Measuring  Bacterial  Presence 

The  dilution  plate  technique  relied  on  consecu¬ 
tive  dilutions  to  separate  the  bacteria  to  such 
a  degree  that  when  cultured  on  the  appropriate 
media  each  bacterium  produced  a  single  colony 
that  was  readily  observable  (4) . 

Following  6  to  10  days  of  incubation  34°C  the 
simulated  cable  to  be  analyzed  was  disassembled 
and  the  waterblocking  tape  was  immersed  in  100 
mis  of  sterile  distilled  water  (SDW) .  1  ml  of 

this  dispersion  was  removed  and  placed  into 
another  100  mis  of  SDW  and  mixed  well.  This  step 
was  repeated  until  a  1  ml  sample  contained  a 
countable  number  of  bacteria.  The  final  step 
was  to  take  1  ml  of  the  final  dilution  and  dis¬ 
perse  it  into  25  mis  of  nutrient  agar  kept  at 


45°C.  This  was  then  poured  into  a  sterile  petri 
plate  and  allowed  to  solidify.  After  24  hours 
incubation  at  34°C  a  dissecting  microscope  was 
used  to  determine  the  number  of  colonies  on  the 
plate.  The  number  of  bacteria  in  the  section  of 
simulated  cable  was  then  determined  by  multiply¬ 
ing  back  through  the  dilution  series. 


RESULTS  AND  DISCUSSION 

With  reference  to  the  Military  Specification 
810D  (7),  ASTM  Specification  G22  (2),  and  TAPPI 
Specification  T487  pm- 79  (10)  a  method  was  devel¬ 
oped  that  allows  the  observation  and  quantific¬ 
ation  of  microorganisms  growing  in  an  environ¬ 
ment  that  closely  approximates  the  interior  of  an 
actual  cable.  The  device  that  allows  this  simul¬ 
ation  is  constructed  of  simple'  materials  and  is 
referred  to  as  simulated  cable.  Using  simulated 
cable,  paper  based  and  SBP  based  waterblocking 
tapes  were  compared  for  their  ability  to  support 
fungal  and  bacterial  growth  under  conditions  that 
approximate  those  found  inside  an  actual  cable 
after  water  entry.  Simulated  cable  was  also  used 
to  screen  several  antimicrobials  for  their  abil¬ 
ity  to  control  fungal  and  bacterial  growth. 

Fungal  Growth 

Simulated  cable  was  inoculated  with  three  dif- 
erent  species  of  fungi.  Asperglller  niger, 
Aspergillus  f lavus  and  Penlcllllum  funiculosum 
are  known  for  their  ability  to  use  cellulose  as 
a  carbon  source  (8,9,11).  They  were  inoculated 
into  simulated  cable  made  with  paper  based  or 
SBP  based  waterblocking  tape.  Observations  were 
made  after  one  week  of  incubation  at  28°C. 

Fungi  that  are  provided  with  a  suitable  substrate 
will  grow  and  form  reproductive  structures. 

These  structures  on  the  fungi  used  are  colored 
and  were  easily  detected  through  the  outer  trans¬ 
parent  tube  of  the  simulated  cable.  Growth  by 
each  of  the  fungal  species  was  evident  when  paper 
was  used.  Figure  1(b)  shows  the  typical  appear¬ 
ance  of  fungal  growth  inside  simulated  cable 
made  wich  paper  based  water  blocking  tape  and 
inoculated  with  A.  niger.  Under  low  magnific¬ 
ation  the  dark  ring  of  growth  was  seen  to  be 
composed  of  mycelia  and  reproductive  structures 
characteristic  of  this  fungus.  The  same  results 
were  also  seen  with  A .  f lavus  and  P.  funiculosum 
with  the  dark  band  consisting  of  mycelia  and 
reproductive  structures  characteristic  of  the 
inoculated  fungus.  Figure  1(a)  was  inoculated 
with  sterile  minimal  salts  media  and  acted  as  a 
negative  control.  No  growth  could  be  observed 
on  the  negative  control  macroscopically  or  with 
a  dissecting  microscope.  Figure  1(c)  had  the 
anti-fungal  agent  2-(4-thiazolyl)-benzimidazole 
incorporated  into  the  superabsorbent  powder  and 
no  growth  was  observed. 
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(a)  (b)  (c) 


Figure  1 


As  expected  growth  was  observed  only  on  the  moist 
side  of  the  wet-dry  Interface.  Fungi  require 
moisture  so  growth  would  not  occur  in  the 
non-wetted  area.  The  limited  growth  on  the  wet 
side  is  probably  related  to  the  need  of  the 
fungus  for  air.  For  the  fungus  to  survive  in  the 
top  part  of  the  wetted  area  there  must  be  a 
supply  of  air  pockets  providing  oxygen  to  the 
fungus.  As  the  distance  from  the  wet-dry  inter¬ 
face  increases  fungal  growth  is  restricted 
because  there  is  less  evaporation  and  thus  fewer 
air  pockets. 

On  SBP  there  was  no  evidence  of  growth  by 
P.  funiculosum  or  by  A.  flavus.  Darkening  of  the 
SBP  was  observed  in  the  simulated  cable  inocul¬ 
ated  with  A.  niger.  Figure  2(a)  is  a  section  of 
simulated  cable  constructed  with  SBP  based  water¬ 
blocking  tape  inoculated  with  sterile  mineral 
salts  media.  Figure  2(b)  is  of  a  similar  con¬ 
struction,  but  was  inoculated  with  a  spore 
suspension  of  A.  niger.  Although  the  faint  color 
of  the  growth  suggests  that  the  degree  of  fungal 
growth  was  greatly  reduced,  the  area  of  darkening 
reached  the  bottom  of  the  tube  suggesting  that 
there  were  adequate  air  pockets  extending  from 
the  wet-dry  interface  down  to  the  bottom  of  the 


tube.  The  presence  of  air  pockets  down  the 
length  of  the  tube  is  best  explained  by  the 
limited  wicking  ability  of  SBP. 


(a)  (b) 


Figure  2 

Bacterial  Growth 

Because  hydrogen  is  a  by-product  of  bacterial 
metabolism  and  because  bacterial  metabolism  is 
related  to  their  growth  rate,  the  numbers  of 
bacteria  present  in  the  simulated  cable  can  be 
used  as  an  indicator  of  the  potential  for 
hydrogen  production. 

To  compare  the  abilities  of  paper  and  SBP  based 
waterblocking  tapes  to  support  bacterial  growth, 
inoculum  from  two  different  sources  were  used. 
Simulated  cable  containing  waterblocking  tapes 
made  with  either  paper  or  SBP  were  inoculated 
with  C.  freundli  which  is  known  for  its  ability 
to  produce  hydrogen  (5)  or  with  samples  of 
ground  water.  The  ground  water  contained  a 
variety  of  unidentified  bacterial  species  and 
thus  provided  an  inoculum  that  would  be  closer 
to  the  bacterial  population  to  which  an  actual 
cable  would  be  exposed. 

Bacterial  presence  was  measured  using  the 
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dilution  plate  technique,  which  is  commonly  used 
in  soil  science  to  measure  the  bacterial  popul¬ 
ations  in  soil  samples  (4) . 

When  the  appropriate  dilution  of  suspensions  made 
from  substrates  incubated  inside  simulated  cable 
was  plated  out,  lens  shaped  bacterial  colonies 
developed  within  24  hours  (Figure  3) .  The  number 
of  colonies  on  the  plate  was  determined  under  low 
magnification.  The  number  of  bacteria  in  the 
section  of  simulated  cable  was  then  determined  by 
multiplying  back  through  the  dilution  series. 


Figure  3  (x5) 


This  exercise  was  conducted  twice  for  each  inoc¬ 
ulum  type  and  in  all  cases  the  numbers  of  bacteria 
found  in  simulated  cable  containing  paper  based 
waterblocking  tape  and  in  simulated  cable  contain¬ 
ing  SBP  waterblocking  tapes  were  found  to  be 
similar  (Table  1) 


PAPER 

CITROBACTER 

O 

1st  Replication  2.44  x  10 
2nd  Replication  8.20  x  10  7 


GROUND  WATER 

1st  Replication  3.2  x  107 
2nd  Replication  5.9  x  10  7 


Table  1 


SBP 

4.17  x  108 
5.8  x  10  7 

7.1  x  107 

4.2  x  107 


growing  under  stable  conditions  are  monitored  over 
time,  there  will  be  a  set  period  over  which  they 
will  double.  A  population. of  Escherichia  coli 
(a  common  human  colon  bacteria),  for  example,  will 
double  every  20  minutes  when  growing  under  ideal 
conditions.  Had  there  bet n  significant  differ¬ 
ences  between  the  environments  in  the  simulated 
cable  made  with  the  two  different  substrates  then 
a  difference  of  several  doublings  would  have  been 
expected  over  the  6  to  10  days  that  the  tubes  were 
incubated. 

Larger  numbers  of  bacteria  were  expected  in  the 
simulated  cable  containing  paper.  Cellulose  is 
usually  considered  a  biologically  utilizable  sub¬ 
strate  while  SBP  is  not.  The  almost  equal  numbers 
of  bacteria  growing  on  both  substrates  suggests 
that  paper  is  as  inert  as  polyester  under  the 
conditions  found  within  the  simulated  cable.  The 
reason  for  this  apparent  contradiction  can  be 
found  in  the  biology  of  cellulose  degradation. 

Cellulose  is  a  polymer  of  glucose.  The  bonds 
joining  the  glucose  monomers  are  extremely  durable 
making  the  cellulose  resistant  to  biological 
breakdown.  All  biological  degradation  of  cell¬ 
ulose  occurs  through  the  activities  of  the  enzyme 
cellulase.  Only  specialized  forms  of  bacteria  and 
fungi  are  capable  of  synthesizing  this  enzyme.  For 
there  to  be  significant  growth  of  non-cellulase 
producing  bacteria  on  a  cellulose  based  substrate 
they  must  live  in  concert  with  an  organism  that 
produces  cellulase.  Long  term  experiments  may 
demonstrate  that  the  number  of  bacteria  growing  in 
simulated  cable  containing  paper  based  waterblock¬ 
ing  tapes  may  increase  over  time  as  populations  of 
cellulytic  microorganisms  increase.  The  process 
of  cellulose  decomposition,  however,  is  likely  to 
be  very  slow  because  of  conditions  that  occur  in 
the  interior  of  the  simulated  cable  if  it  remains 
saturated. 

The  environmental  factors  that  have  the  greatest 
effect  on  the  rate  of  cellulose  decomposition  are 
moisture  levels  and  oxygen  availability  (3) .  Ob¬ 
servations  of  fungi  growing  inside  simulated  cable 
suggest  that  there  is  only  a  limited  area  on  the 
wet  side  of  the  wet  dry  interface  where  there  is 
enough  oxygen  to  support  aerobic  growth.  If  there 
are  similar  conditions  inside  an  actual  cable, 
then  most  of  the  wetted  area  will  be  anaerobic. 
Anaerobic  decomposition  of  cellulose  is  ineffic¬ 
ient  and  under  these  conditions  a  lengthy  period 
of  time  would  likely  be  required  before  suffic¬ 
ient  glucose  is  present  to  support  enough  hydro¬ 
gen  production  to  affect  the  quality  of  the  fiber 
optic  transmission. 


Control  of  Fungal  and  Bacterial  Growth 


The  significance  of  the  differences  between  the 
treatments  should  be  considered  with  an  under¬ 
standing  of  bacterial  population  dynamics  in  mind. 
Bacterial  populations  double  at  regular  intervals. 
They  reproduce  by  the  fission  of  the  individual 
into  two  equal  parts,  and  on  average  they  double 
at  the  same  rate.  If  the  numbers  in  a  population 


For  long  term  protection  of  the  cable,  where 
deemed  advisable,  antimicrobials  may  be  incorpor¬ 
ated  into  waterblocking  tapes  to  control  the 
growth  of  fungi  and  bacteria.  It  was  found  that 
fungal  growth  could  be  controlled  by  both 
2-(4-thiazolyl)-benzimidazole  and  copper-8- 
quinolinolate.  Following  inoculation  in  simu¬ 
lated  cable  with  either  A.  niger,  A.  flavus  or 
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P.  funlculosum,  no  fungal  growth  could  be  detect¬ 
ed  in  paper  based  waterblocking  tapes  containing 
either  of  these  antimicrobials  after  one  months 
incubation. 

Two  antimicrobials  were  tested  for  their  effec¬ 
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CONCLUSIONS 

The  results  presented  here  suggest  that  the 
composition  of  substrates  of  waterblocking  tapes 
may  not  be  an  important  determinant  in  the  cellu- 
lytic  activity  of  fungi  or  in  the  production  of 
hydrogen  by  bacteria.  Following  inoculation  of 
simulated  cable  containing  paper  substrates  with 
several  species  of  fungi,  observations  suggested 
that  aerobic  cellulose  decomposition  will  occur 
in  a  small  area  at  the  wet-dry  interface.  Little 
or  no  decomposition  will  occur  with  paper  sub¬ 
strates  in  the  flooded  area  as  long  as  it  remains 
saturated,  and  little  or  none  will  occur  in  the 
dry  area  as  long  as  it  remains  dry.  In  the  case 
of  non-wicking  substrates  such  as  SBP  entrapped 
air  pockets  in  the  flooded  portion  may  allow  for 
a  limited  amount  of  fungal  activity  in  that  area. 

The  results  also  suggest  that  the  number  of  bac¬ 
teria  is  not  affected  by  the  composition  of  the 
substrates  of  the  waterblocking  tapes.  Unless 
sufficient  nutrients  enter  the  cable  with  the 
water,  hydrogen  producing  bacteria  will  be  depend¬ 
ent  on  the  activities  of  cellulytic  microorganisms 
to  degrade  the  cellulose  to  a  useable  nutrient. 
Efficient  cellulose  degradation  will  occur  in  a 
very  limited  area  with  paper  substrates. 

Tests  of  antimicrobials  using  the  simulated  cable 
suggest  that  fungal  and  bacterial  growth  can  be 
controlled  with  the  addition  of  antimicrobial 
agents  to  the  waterblocking  tape. 
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ABSTRACT 

Local  optical  networks  have  been  in  development  for  a 
number  of  years;  a  key  area  requiring  further 
development  is  the  outside  plant  passive  components 
particularly  for  wide  scale  deployment  of  fibre. 

New  components  were  designed  to  meet  the  usual 
requirement  for  the  local  network  but  with  added 
features  required  for  three  topologies:  Fibre-to-the- 
home  (FTTH),  Fibre-to-the-kerb  (FTTK)  and  distributed 
star. 

The  various  passive  components  were  designed  by 
British  Telecommunications  pic  and  BICC  pic,  and 
installed  by  BT  pic  in  an  extensive  field  trial  in  Bishop's 
Stortford,  Hertfordshire,  UK. 

This  paper  covers  the  key  components  which  were 
designed,  together  with  the  testing  regime  employed  for 
each.  Also  covered  are  the  topologies  used  and  the 
installation  practices  undertaken.  One  of  the  prime 
reasons  for  the  trial  was  to  discover  how  easily  regional 
installation  personnel  could  adapt  to  fibre  in  the  Local 
Loop. 


INTRODUCTION 

The  design  of  the  passive  components  was  initiated  by 
British  Telecom's  desire  to  field  trial  singlemode  FTTH 
systems.  The  two  systems  chosen  were  TPON 
(Telephony  on  a  Passive  Optical  Network)  and  BIDS 
(Broadband  Integrated  Distributed  Star). 

TPON  exists  in  three  basic  forms;  house,  street  and 
business.  House  TPON  employs  fibre  from  the  exchange 
to  the  home  and  utilises  bidirectional  operation  over  a 
single  fibre  through  passive  optical  splitters.  Street 
TPON  employs  fibre  from  the  exchange  to  a  street 
multiplexer  via  passive  optical  splitters,  with  a  copper 
drop  to  the  customer. 

Business  TPON  is  essentially  the  same  as  House  TPON, 
providing  fibre  from  the  exchange  to  the  business,  but  is 
geared  to  business  needs  by  the  provision  of  additional 
lines. 

BIDS  employs  fibre  to  the  home  but  the  fibre  is  first 
routed  through  a  street  cabinet  containing  an  opto¬ 
electronic  interface  unit  known  as  the  Broadband  Access 
Point.  This  distributes  the  appropriate  services 
(telephony  and  broadband)  to  the  customers. 
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In  order  to  successfully  install  the  new  networks  it  was 
necessary  to  design  a  range  of  novel  passive  component 
housings  for  outside  plant  use.  It  was  in  some  way 
fortunate  that  no  plant  existed  which  could  easily  be 
modified,  as  this  enabled  design  to  start  as  a  completely 
new  concept. 

The  basic  plant  requirements  for  the  networks  included 
exchange  optical  distribution  shelves,  street  side  cabinet 
mounted  flexibility  points,  manhole  housed  distribution 
points  and  external  wall  mounted  customer  joints. 

TPON 

The  requirement  of  the  TPON  network  is  that  the  optical 
split  must  be  a  minimum  of  32  way.  This  was 
accomplished  using  a  4-way  split  at  the  flexibility  point 
(cabinet)  and  an  8-way  split  at  the  distribution  point. 
The  passive  splitters  are  sealed  modules  requiring  no 
internal  access  on  site.  A  schematic  of  the  TPON 
network  is  shown  in  Figure  1. 

The  system  is  based  on  duplex  transmission  (ie,  one 
fibre  per  customer).  Due  to  the  split  nature  of  the 
system  only  one  exchange  fibre  is  required  for  each  32 
way  split  system,  therefore  a  minimum  of  ten  fibres  are 
required  from  exchange  to  flexibility  cabinet  which 
houses  ten  4-way  passive  splitters. 

Each  of  the  splitters  feeds  four  distribution  points,  each 
of  which  contains  an  8-way  passive  splitter.  One  of  the 
eight  legs  is  reserved  for  testing  and  the  other  seven  are 
for  customer  connections.  The  total  number  of 
customers  fed  by  each  system  is  therefore  28.  There  is 
also  a  broadband  overlay  (BPON  -  Broadband  on  a 
Passive  Optical  Network)  which  for  power  budget 
reasons  is  input  into  the  system  at  the  16  way  split 
level.  This  is  achieved  by  running  two  extra  fibres  per 
splitter  to  the  flexibility  cabinet  and  accessing  the  4- 
way  splitter  at  the  2-w8y  split  position.  This  effectively 
gives  a  3dB  addition  to  the  power  budget  for  broadband. 
The  TPON  trial  was  a  combination  of  blown  fibre  and 
conventional  cables. 

BIDS 

The  BIDS  network  uses  a  split  system  but  all  splitting  is 
performed  electronically  via  a  street  sited  Broadband 
Access  Point  (BAP).  See  Figure  2. 

The  BIDS  network  requires  a  minimum  of  six  fibres;  two 
for  telephony  (transmit  and  receive)  and  four  for 
broadband.  At  the  BAP  the  signals  are  multiplexed  onto 
the  outgoing  fibres  as  either  telephony  or  as  8 
combination  of  telephony  and  broadband.  From  the  BAP 
onwards  there  are  dedicated  fibres  to  the  customers; 
and,  as  with  TPON,  there  is  only  one  fibre  per  customer. 
The  BIDS  trial  was  wholly  blown  fibre. 
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HOUSE  TFON  (Telephony  on  ■  Paealve  Optical  Network) 


Ftp.  1 


BIDS  (Broadband  Intagratad  Distributed  Star) 


Underground  Housed 
Distribution  Point 


Fig.  2 
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PASSIVE  COMPONENTS 

Optical  Distribution  Shelf  (BIDS  &  TPON) 

The  distribution  shelf  used  was  designed  for 
incorporation  into  a  BT  standard  TEP  IE  rack.  It  was 
necessary  for  it  to  handle  both  conventional  tubed  fibre 
and  also  blown  fibre.  Each  fibre  could  either  be  spliced 
through  directly  to  a  pigtail  or  connector  fitted  for 
patching  purposes.  Because  of  the  requirement  for  clip- 
on  power  monitoring  (for  TPON)  it  was  important  that 
the  fibres  could  be  accessed  easily  and  safely  without 
harm  to  adjacent  fibres.  For  this  reason  a  single  fibre 
cassette  system  was  used  which  housed  both  the  fibre 
splice  and,  where  appropriate,  a  connector.  The  shelf 
was  also  designed  to  slide  out  from  the  rack  for  access. 


Only  basic  approvals  testing  was  necessary  for  the 
distribution  shelf  since  its  operation  was  its  most 
important  feature.  However  the  shelf  was  given  two 
tests  both  of  which  were  optically  live. 

1.  MECHANICAL  ENDURANCE 

300  extensions  of  the  shelf. 

(Change  in  optical  path  loss  -OdB) 

2.  RAPID  CHANGE  OF  TEMPERATURE 
+5°C  to  +40°C. 

(Change  in  optical  path  loss  <0.1dB) 


Flexibility  Cabinet  (TPON) 

The  flexibility  cabinet  housing  is  a  standard  BT  roadside 
cross-connection  cabinet.  This  was  chosen  in  order  to 
make  the  field  trial  as  close  to  present  day  copper 
technology  as  possible.  The  requirements  for  the 
cabinet  were  that  it  must  have  the  facility  for  housing 
ten  4-way  splitters  and  associated  splices.  In  order  to 
maintain  a  modular  system  it  was  decided  from  an  early 
stage  that  each  of  the  4-way  splitters  would  be  housed 
in  its  own  joint  box,  giving  good  environmental  and 
mechanical  protection.  The  main  criteria  behind  the 
joint  design  was  the  ease  with  which  the  optical  splitter 
could  be  housed  and  subsequently  spliced  to  the 
incoming  and  outgoing  fibres.  There  was  also  a 
requirement  for  clip-on  detection. 


To  achieve  these  requirements  it  was  decided  to  place 
upon  the  splitter  a  physical  size  and  fibre  configuration 
that  it  would  enable  it  to  fit  correctly  into  the  organiser. 
It  was  also  decided  that  fibres  would  enter  the  splice 
trays  through  one  position  so  that  a  'page1  style  format 
could  be  used  for  the  splice  trays.  This  necessitated  a 
new  design  of  splice  trsy.  The  final  tray  design  was 
arrived  at  using  the  following  criteria. 

(i)  Fibres  enter  through  the  same  position 

(ii)  Maximum  size  of  170mm  x  80mm  x  6.5mm 

(iii)  One  splice  per  side  of  tray 

(iv)  No  glueing  of  input  tubes 

(v)  Clip-on  power  monitoring  possible 

(vi)  Any  fibre  lengths  accommodated. 

Figure  4  shows  a  photograph  of  the  splice  tray. 


Figure  4 

The  flexibility  point  organiser  had  to  be  designed  such 
that  it  could  be  accessed  easily  even  when  fitted  closely 
side  by  side.  This  was  achieved  by  fixing  the  organiser 
onto  a  hinge  so  that  it  could  swing  forward  to  be  worked 
on.  Figure  5  and  6  show  the  closed  and  open  positions 
respectively. 

The  flexibility  point  underwent  a  number  of  approvals 
tests  as  below: 


(i) 


(ii) 


(iii) 


Vibration  -  10Hz,  0.7mm 

amplitude 
Duration  8  hours 
(Change  in  optical 
path  loss  <0.1dB) 


Dry  Heat  -  55°C 

Duration  96  hours 
(Change  in  optical 
path  loss  <0.2dB) 

Damp  Heat  -  40C’C 

93%  RH 

Duration  96  hours 
(Change  in  optical 
path  loss  <0.1dB) 
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Distribution  Point  (TPON) 


In  order  to  maintain  some  uniformity  of  design  amongst 
the  various  products  the  same  splitter  fittings  and 
cassettes  were  used  for  the  distribution  point.  Unlike 
the  flexibility  point  the  distribution  point  is  designed  for 
use  in  manholes  and  footway  boxes. 

It  is  also  designed  to  accept  up  to  seven  customer  drop 
cables,  all  of  which  may  be  installed  at  different  times. 
The  latter  point  dictated  that  the  closure  must  be  a 
ready  access  type  suitable  for  many  openings,  while  still 
maintaining  environmental  integrity.  Figure  7  shows  a 
picture  of  the  DP. 

The  testing  regime  for  the  distribution  point  was 
considered  to  be  probably  the  most  critical  since  these 
items  were  to  be  sited  below  ground,  potentially 
immersed  in  water  and  subjected  to  heavy  traffic 
vibration. 

The  tests  undertaken  were  as  follows: 

(i)  Impact  1kg 

(ii)  Cable  Retention  Ikn 

(iii)  Head  of  Water  1  metre 

(iv)  Change  of  Temperature  -20°C  to 

+50°C  for  150 
hours 

(Change  in  optical  path  loss  <0.2dB) 

(v)  Vibration  10Hz,  0.7mm 

amplitude  for 
5  days 

(Change  in  optical  path  loss  <0.1dB) 


Teet  Access  Connector  (TPON) 

The  DP,  as  mentioned  above  contains  an  8-way  splitter 
which  has  one  leg  on  both  input  and  output  sides 
reserved  for  test  access.  For  this  purpose  a  test  access 
connector  was  developed.  One  feature  of  the  connector 
was  that  it  should  have  a  very  high  return  loss  in  both 
the  mated  and  unmated  states.  The  connector  was 
based  on  the  established  ST1  style,  with  the  ferrule  end 
face  polished  at  an  angle  to  provide  the  high  return  loss. 

Figure  8  shows  the  connector  dimensions  and  angle  of 
polish. 

The  basic  testing  regime  for  the  test  access  connector 
was  the  following: 

(!)  Insertion  loss  (150  measurements 

@  1550nm  0.73  ± 

0.36dB) 

(ii)  Return  loss  (20  measurements 

@  1300nm  52  ±  2dB) 

(iii)  High  temperature  endurance 

65°C  for  500  hours 
(Insertion  loss  <1.5dB  after  test) 

(iv)  Tensile  5N  force 

(Insertion  loss  <1.5dB  after  test) 


(v)  Rapid  change  of  temperature 

+70°C  to  -10°C 

(Insertion  loss  <1.5dB  after  test) 


(vi)  Mechanical  endurance 

500  matings 

(Insertion  loss  <1.5dB  after  test) 


(vii)  Vibration 

10-500Hz  at  1 
octave/min 

(Insertion  loss  <1.5dB  after  test) 


Figure  8 


1  ST  is  a  trademark  of  AT&T  Technologies 


Customer  Wall  Joint  (TPON  8t  BIDS) 

The  final  item  on  the  passive  network  is  the  customer 
wall  joint  which  is  the  lead-in  to  the  customers' 
premises.  It  provides  two  main  functions;  acting  as  an 
interface  between  external  and  internal  cable  types,  and 
providing  a  clip-on  detection  position  external  to  the 
customer  premises.  As  with  other  external  fittings  to 
buildings  the  design  had  to  be  such  that  it  was  as 
unobtrusive  as  possible.  The  final  design  (see  Figure  9) 
was  a  compromise  between  size  and  function. 


The  overall  size  is  240mm  x  160mm  x  90mm. 

The  testing  criteria  for  the  CWJ  had  to  take  into  account 
the  fact  that  it  is  externally  exposed  to  the  weather  and 
potentially  physically  vulnerable  due  to  its  positioning. 
The  mechanical  performance  was  tested  as  follows: 

(i) lmpact  DIN  53453  0.5kg  steel  ball 

50mm  0  from  1 
metre 

(ii) Moisture  Sealing  to  IP-5  (Dust  was  not 

considered  an 
important  factor) 

The  environmental  performance  factors  were: 

(i) Cofd  -25»C  for  96  hours 

(Change  in  optical  path  loss  <0.2dB) 

(ii) Dry  Heat  40°C  for  96  hours 

(Change  in  optical  path  loss  <0.2dB) 

(iii)  Temperature  Change  -25°C  to 

+40°C  for  36  hours 

(Change  in  optical  path  loss  <0.2dB) 


Figure  9 
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BIDS  -  Components 

The  components  used  for  the  TPON  network  were  used 
for  the  BIDS  network  wherever  possible.  For  example 
the  distribution  shelf,  and  customer  wall  joint  were 
unchanged.  The  distribution  point  uses  the  same  basic 
building  blocks  as  the  TPON  DP  but  does  not  contain  a 
passive  splitter.  The  BIDS  DP  is  purely  for  through 
splicing  to  upto  14  customers. 

The  only  major  item  resigned  for  BIDS  was  in 
connection  with  the  Broadband  Access  Point  (BAP) 
shown  in  Figure  2.  The  BAP  contained  the  street  sited 
opto-electronics  and  fibre  handling  unit.  The  fibre 
handling  requirement  was  particularly  onerous  in  terms 
of  fibre  numbers  and  space  available.  The  dimensional 
constraints  were  1.2m  x  145mm  x  310mm.  In  this  space 
224  fibres  were  to  be  arranged  in  groups  of  7  (blown 
units  of  7  fibres  were  used)  and  excess  fibre  stored. 
This  was  achieved  using  a  sliding  drawer  system  of 
storage  in  which  each  seven  fibre  unit  was  allocated  to 
each  drawer.  See  Figure  10.  The  whole  unit  was 
manufactured  from  aluminium  to  maintain  compatibility 
with  the  rest  of  the  metalwork  in  the  BAP.  The  testing 
of  the  BAP  fibre  distribution  unit  was: 

Temperature  Change  10°C  to  +70°C 

for  10  hours 

(Change  in  optical  path  loss  <0.1dB) 


CONCLUSION 

There  have  been  predictions  for  some  time  concerning 
!“r?',?:^e'*lorne  and  its  attendant  increased  services. 
With  this  will  come  a  volume  increase  and  a  quickening 
of  pace  in  tho  development  of  both  infra-structure  and 
services.  This  trial  has  shown  that  the  concept  is  in  fact 
now  a  reality. 

Products  now  exist  which  can  be  supplied  to  those 
wishing  to  take  advantage  of  the  technology  using 
standard  installation  techniques  which  require  onlv 
minimal  skill  and  training. 
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Abstract 

Oxidative  Induction  Time  (OIT)  represents  a  rapid 
method  for  the  examination  of  levels  of  stabilization  in 
polyethylene  insulations.  This  can  be  interpreted  as  an 
indication  of  the  suitability  of  the  product  to  withstand 
the  rigors  imposed  by  field  service  conditions.  One 
serious  question  on  the  use  of  this  test  arises  from  the 
fact  that  only  a  few  milligrams  of  insulation  is  used  for 
the  test.  How  representative  is  this  sample  and  what 
credence  can  be  given  to  an  OIT  value? 

We  have  examined  wire  insulations  from  several  sources, 
uncabled,  cabled  and  reeled,  for  variations  in  OIT. 
Longitudinal  and  sectional  measurements  were  made. 
While  process  conditions,  chemical  systems  and  raw 
materials  will  produce  different  absolute  results,  the 
small  variations  presented  seem  to  validate  the  use  of 
the  OIT  as  a  representative  measure. 

1.  Introduction 

The  stability  of  foam  skin  conductor  insulations,  and 
hence  all  polyethylene  insulations,  used  in 
telecommunications  cable  has  been  the  subject  of  much 
discussion.1-5  The  results  of  these  discussions  have  led  to 
improvements  in  the  stability  testing  for  finished  cable. 
The  pedestal  test  has  been  revised  and  much  work  is 
going  on  to  review  oven  aging  and  other  accelerated 
methods.  Still,  these  represent  long  duration  testing 
with  weeks  of  conditioning  of  specimens  and  then  weeks 
of  exposure  at  elevated  temperatures.  The  real  time 
limits  of  actual  production  requires  a  rapid  test  which 
can  serve  as  both  the  in  process  and  final  shipment 
"go/no  go"  gauge.  In  this  area  the  OIT  test,  with  a 
typical  time  of  under  two  hours  is  extremely  attractive. 

Insulation  materials  arc  subject  to  oxidation  as  soon  as 
they  are  made  due  to  the  presence  of  heat  and  oxygen. 
All  stages  of  manufacture  serve  to  further  deplete  the 
initial  reservoir  of  stabilizer  in  the  formulation.  The 
filling  and  jacketing  of  a  cable  involve  elevated 
temperatures.  All  of  the  thousands  of  conductor  feet  in 
a  cable  are  then  judged  on  a  three  milligram  sample  of 
insulation.  In  order  to  understand  what  variations  could 
be  expected  in  manufacture  we  undertook  to  examine  a 
number  of  cases. 


2.  Experiments 
Materials 

Two  samples  of  insulated  conductors,  one  foam  skin  and 
one  solid  insulation,  were  obtained  in  sufficient  length  so 
that  a  25  foot  section  could  be  selected  and  the  OIT 
measured  every  six  inches.  Production  cables  using  a 
65°  C  and  an  80°  C  filling  compound  were  examined 
prior  to  and  after  aging  at  70  °  C  for  four  weeks.  The 
cable  samples  were  examined  along  the  length  as  well  as 
in  section.  The  white  conductors  were  selected  for 
testing  to  conform  with  previous  work,  as  yet 
unpublished,  done  at  Bellcore.  In  the  case  of  the  cables 
they  were  taken  from  standard  manufacture  product 
awaiting  shipment.  No  special  attempt  was  made  to 
acquire  special  samples  and  all  were  of  recent 
manufacture  -less  than  six  months-  prior  to  testing  with 
the  bulk  of  the  storage  time  spent  in  laboratory 
conditions. 

Methods 

The  cables  were  cut  from  reels  received  at  the  Bellcore 
laboratories  in  Chester,  NJ.  Care  was  taken  to  select 
samples  away  from  an  end  which  had  been  exposed  to 
the  air  for  any  length  of  time  greater  than  one  day.  In 
the  samples  used  for  pre-aging  prior  to  testing  an 
additional  amount  was  left  on  each  end  so. that  the  cap 
could  be  placed  and  later  cut  off  with  a  length  of  cable. 
In  all  of  the  discussions  in  this  paper  we  will  refer  to  the 
dimensions  of  the  final  sample  and  disregard  the 
material  trimmed  off  to  avoid  "cut  end  effects". 

The  OIT  analysis  was  performed  using  the  method 
referenced  in  Bellcore’s  TR-TSY-000421,  Issue  2,  using  a 
DuPont  TA  2100  system  equipped  with  a  Differential 
Scanning  Calorimeter  (DSC),  an  auto-sampler  and  an 
automatic  gas  selection  valve.  This  allowed  the  samples 
to  be  analyzed  in  a  continuous  manner  and  prevent  any 
effects  which  may  have  resulted  from  delays  imposed  by 
a  40  hour  five  day  week. 

3.  Results 

A  single  conductor  of  26  ga.  foam  skin  insulation  was 
obtained  from  the  manufacturer  prior  to  cabling.  This 
conductor  was  examined  in  the  as  received  condition  by 
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taking  samples  every  six  (6)  inches  over  a  twenty-five- 
foot  length.  The  results  are  shown  in  Figure  1.  In  this 
and  all  following  figures  the  results  are  shown  as  a 
scatter  with  the  mean  and  lcr  shown  as  horizontal  lines. 


Distance  in  Feet 

Figure  1.  OIT  values  for  a  foam  skin  insulated 
conductor  prior  to  cabling.  X=98,  <7=5 
minutes. 

Figure  2  gives  the  distribution  of  OIT  values  for  a 
similar  experiment  using  a  solid  26  ga.  conductor,  also 
prior  to  cabling. 


Distance  in  Feet 


Figure  3.  Sections  of  the  2.3  meter  test  cable.  A,  C,  & 
E  are  each  10  cm.  B  &  D  are  each  1  meter. 

The  next  tests  were  done  on  white  conductors  taken 
from  a  26  ga.,  foam  skin,  100  pair  cable  filled  with  65' 
C  Extended  ThermoPlastic  Rubber  (ETPR)  filling 
compound.  A  section  of  cable  was  removed  from  a  reel 
and  sectioned  for  test  (See  Fig.  3).  An  initial  section  10 
cm.  long  was  set  aside  as  Section  A.  The  next  one 
meter  section  (B)  was  held  for  other  testing.  A  second 
10  cm.  section  (C)  was  cut  foi  this  study.  The  next  one 
meter  section  (D)  was  cut  and  placed  in  an  oven  to  age 
at  70'  C  for  28  days.  Another  10  cm.  section  (E)  was 
removed  and  added  to  the  unaged  part  of  this  test.  In 
all  the  twenty  white  wires  in  a  total  length  of  2.3  meters 
of  this  cable  provided  eighty  (80)  data  points  for  an 
unaged  cable  and  an  additional  twenty  (20)  points  after 
aging.  This  presents  a  view  of  forty-six  (46)  meters  of 
conductor. 

Figures  4,5  and  6  present  the  data  from  sections  A,  C 
and  E  respectively  and  are  presented  as  cross-sectional 
views  of  the  cable. 


Wire  Number 

Figure  4.  Section  A,  the  first  10  cm.  of  the  test  cable. 
X=44,  a=4  minutes. 


Figure  2.  OIT  values  for  a  solid  insulated  conductor 
prior  to  cabling.  X=103,  <7=9  minutes. 
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Three  Readings  Grouped 

Figure  5.  Section  C,  the  center  10  cm.  of  the  test 
cable.  X=45,  <7= 4  minutes. 


Wire  Number 

Figure  6.  Section  E,  the  last  10  cm.  section  of  the  test 
cable.  X=41,  <7=5  minutes. 

In  order  to  present  the  composite  view  of  a  cable,  Figure 
6  combines  all  sixty  readings  of  the  unaged  conductors 
over  a  span  of  2.3  meters  for  an  examination  of  46 
conductor-meters. 


Figure  7.  Combined  values  obtained  from  sections  A, 
C  and  E.  X=43,  <7=5  minutes. 

After  aging  for  28  days  at  70*  C  the  twenty  white 
conductors  in  section  D  were  tested.  The  results  are 
shown  in  Figure  7. 


Wire  Number 

Figure  8.  OIT  values  for  Section  D,  conductors  aged 
for  28  days  at  70*  C.  X=16,  <7=4  minutes. 
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After  the  completion  of  the  previously  described  testing, 
we  turned  toward  the  questions  raised  by  the 
introduction  of  80  *  C  ETPR  filling  compounds  and  solid 
polyethylene  insulations.  A  production  length  of  a  24 
ga.,  600  pair,  solid  PE  conductor  insulation  cable  was 
chosen.  This  provided  120  white  conductors  which  were 
aged  in  the  cable  for  28  days  at  70’  C.  A  30  cm. 
section  was  then  removed  from  the  center  of  a  two 
meter  length  and  the  insulations  at  either  end  were 
tested  for  OIT  values.  Figure  8  presents  the  results  in 
aggregate  '240  values). 


0  50  100  150  200  250 


All  Readings  Grouped 

Figure  9.  OIT  values  for  120  white  conductors  from  a 
24  ga.,  600  pair,  solid  insulation,  80’  C  filled 
cable.  X=32,  0=5  minutes. 

4.  Discussion 

The  initial  intent  of  this  investigation  was  to  determine 
the  variation  in  OIT  value  along  a  conductor  and  within 
a  cable.  This  was  done  to  determine  the  validity  of 
estimation  of  cable  quality  by  the  use  of  the  OIT  value. 
While  this  work  does  not  represent  an  exhaustive  study 
of  all  cables  from  all  manufacturing  locations  we  feel 
that  the  samples  which  were  used  represent  the 
standard  materials  available  in  commerce  and  that 
these  are  representative  of  the  industry.  Two  other 
factors  must  be  considered  in  viewing  these  analyses. 
Each  laboratory  must  determine  the  repeatability  of 
their  own  measurements  and  maintain  an  internal 
calibration.  The  preparation  of  samples  must  be  done  in 
a  consistent  manner. 

Based  on  the  considerations  given  above  it  is  our 
conclusion  that  variation  in  OIT  measurements  obtained 
from  a  product  either  in  production  or  after 
manufacture  correlate  well  with  other  manufacturing 
variables.  While  absolute  value  comparisons  between 
various  labs  may  have  to  await  further  refinements  in 


the  actual  OIT  test  used,  it  seems  clear  that  a  trend  can 
be  established. 
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ABSTRACT 

The  wider  deployment  of  fiber  to  new  network 
applications  will  result  in  increased  emphasis  on  cost, 
less  availability  of  skilled  craft  people  and  less 
convenient  installation  environments.  In  response  to 
these  concerns  a  new  molded  mechanical  splice  has 
been  developed  which  offers  the  economies  of  mass 
production,  superior  performance  and  reduced  skill 
requirements  through  the  elimination  of  polishing 
and  adhesives. 

Superior  optical  performance  and  fiber  retention  have 
been  realized  by  fully  exploiting  the  properties  of  a 
plastic  material  resulting  in  an  efficient  design  with 
minimal  number  of  parts  and  complexity. 

Testing  indicates  that  the  environmental  sensitivity  of 
insertion  loss  over  the  temperature  range  of  -40°C  to 
+80°C  is  less  than  O.ldB  and  that  the  splice  exceeds  the 
handling  durability  imposed  by  the  minimum  skilled 
craftsperson. 


INTRODUCTION 

Most  fiber  splicing  products  currently  in  use  were 
designed  primarily  for  trunking  applications.  With 
the  increased  use  of  fiber  for  telecommunication  feeder 
and  distribution,  as  well  as  in  CATV  and  LAN 
networks,  a  new  set  of  factors  must  be  taken  into 
account.  These  applications  are  typified  by  larger 
amounts  of  fiber,  more  concern  for  cost,  less  skilled 
craft  and  a  less  convenient  installation  environment. 

Recognizing  these  new  aspects,  a  new  generation 
mechanical  splice  has  been  developed  to  meet  the 
needs  for  wider  fiber  deployment.  Main  features 
include:  a  cost  effective  design,  superior  performance 
and  reduced  skill  requirements  through  minimizing 
the  number  of  installation  steps,  eliminating  the  need 
for  assembly  of  parts  in  the  field  and  the  need  for 
polishing  or  adhesives. 


Through  full  utilization  of  material  properties  an 
efficient  design  with  few  parts  and  minimal 
complexity  has  been  achieved.  By  developing  an 
extensive  understanding  of  the  interplay  of  the  design, 
the  splice  material  properties  and  the  fiber  itself, 
techniques  have  been  found  to  minimize  transverse 
offset  of  the  fiber  cores  due  to  cladding  diameter 
differences,  eliminate  adhesives  through  direct 
clamping  of  the  fibers  and  to  minimize  fabrication 
costs  by  using  highly  repetitive  precision  molding. 

This  paper  will  review  the  design  and  development  of 
the  new  splice.  Specifically,  it  will  examine  the 
changing  requirements  for  splicing  as  the  wider 
deployment  of  fiber  occurs,  discuss  the  new  technology 
employed,  describe  the  design  and  review  the  results  of 
laboratory  testing  conducted  to  verify  the  technology. 


BACKROUND 

As  fiber  migrates  from  trunking  to  feeder  and  access 
applications  a  number  of  factors  affecting  splice  design 
take  on  heightened  emphasis.  Firstly,  the  amount  of 
fiber  and  cables  will  increase  significantly  making 
splicing  cost  a  more  important  factor.  It  also  implies 
that  all  craftspersons  rather  than  a  select  few,  will  have 
to  splice  fiber  and  be  outfitted  with  splicing  tools.  In 
addition,  these  networks  are  generally  less  secure  than 
trunking  applications,  making  repairs  more  frequent 
and  necessitating  that  they  be  done  under  more 
adverse  and  less  convenient  conditions.  Currently  a 
large  percentage  of  splicing  is  being  done  in  vans 
because  of  the  associated  equipment;  however,  there 
will  be  far  more  midspan  splices  with  lateral  cables  in 
these  new  applications.  By  eliminating  the  need  to 
splice  in  vans  and  the  associated  slack  cable,  congestion 
in  the  already  overcrowded  manholes  can  be 
eliminated.  All  of  these  issues  imply  that  splices 
designed  for  these  applications  need  to  show  an 
increased  emphasis  on  cost  effectiveness,  ease  of 
installation  and  superior  optical  performance. 
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Based  on  the  analysis  of  these  factors  a  set  of  key 
requirements  were  defined  as  follows: 

•  Designed  for  mass  production  and  automation 

•  Low  insertion  loss  £  O.ldB 

•  High  return  loss  2  40dB 

•  Rapid  installation  time  S  lmin.  (excluding  fiber 
prep.) 

•  Rugged  yet  compact  design 

•  Minimum  fiber  retention  of  500g  strength 

•  Stable  long  term  performance 

DESIGN  FEATURES 

A  cost  effective,  high  performance  splice  has  been 
developed  that  allows  fiber  joining  with  minimal 
effort  and  skill.  Cost  effectiveness  is  achieved  with  a 
design  that  has  no  loose  parts  to  be  assembled  in  the 
field,  that  is  designed  for  automatic  assembly  and 
employs  high  volume  precision  production  methods. 
Installation  takes  approximately  lmin.  excluding 
conventional  fiber  preparation  and  uses  no  adhesives 
or  polishing.  Only  a  few  simple  installation  steps  are 
required  to  achieve  blind  splice  losses  better  than  O.ldB 
and  reflections  better  than  -40dB.  A  functionally 
simple  and  rugged  installation  tool  has  been  designed 
to  complement  the  splice  features. 

An  illustration  of  the  splice  is  shown  in  fig.  1. 


stable  index  matching  gel  is  applied  to  the  vee-groove 
area  at  the  time  of  factory  assembly  to  achieve  low 
insertion  loss  and  reflection. 


Fig.  2  Side  view  of  molded  splice  showing  fibers  in  place 
under  vee-groove  clamp. 


The  fibers  are  aligned  by  clamping  their  cladding 
surfaces  between  the  vee-groove  and  the  inner  surface 
or  anvil  portion  of  the  body.  A  carefully  chosen 
balance  between  spring  force  and  material  properties 
has  been  selected  through  extensive  research  such  that 
the  fibers  cause  plastic  deformation  of  the  clamping 
surfaces  so  as  to  conform  to  the  individual  diameters 
as  is  shown  in  fig.  3. 


Fig.  1  Molded  splice  configuration. 


A  side  view  cross-section  of  the  splice  is  shown  in  fig. 
2.  It  consists  of  four  plastic  molded  parts  including:  the 
outer  body  structure,  a  fiber  clamp  containing  a 
precision  60°  vee-groove  and  two  identical  jacket 
buffer  adapters  which  are  used  to  accommodate  fibers 
with  different  jackets.  Clamping  force  to  the  vee- 
groove  element  is  provided  by  a  spring.  A  highly 


Fig.  3  Cross  section  of  fiber  clamp  showing  how  conformance 
of  vee-groove  results  in  collinear  alignment  of  fibers  with 
different  cladding  diameters. 

The  plastic  vee-groove  has  a  number  of  important 
advantages  over  the  conventional  rigid  or  non 
compliant  vee-groove  approach  for  alignment.  Firstly, 
the  equilateral  triangle  formed  by  the  60°  vee-groove 
and  the  anvil  results  in  a  system  of  equally  balanced 
forces  about  the  fibers.  This  causes  equal  deformation 
at  each  bearing  surface  of  the  vee  such  that  each  fiber's 
theoretical  center  is  coincident  with  the  centroid  of  the 
vee-groove.  As  a  result  the  fiber  centers  are  self- 
aligned  in  a  collinear  fashion  so  as  to  eliminate  offsets 
due  to  differences  in  cladding  diameter.  Secondly,  the 
plastic  deformation  minimizes  the  stress  level  applied 
to  the  fiber  by  distributing  the  clamping  force  over  a 
lareer  area  of  the  cladding  surface.  Finally,  the  fibers 
are  clamped  adequately  in  spite  of  the  differences  in 
cladding  diameter  which  occur  with  typical  production 
variations. 
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A  spring  holds  the  vee-groove  alignment  clamp  closed 
to  align  the  fibers.  The  installation  tjol  opens  the 
clamp  for  fiber  insertion  and  also  provides  the  ability 
to  facilitate  rotation  of  the  fibers  relative  to  each  other 
for  tuning  purposes  if  desired. 

The  buffer  adapters  are  fitted  at  each  end  of  the  splice 
body  to  accommodate  different  fiber  jacket  diameters 
and  to  provide  bending  strain  relief  to  the  bare  fiber  as 
it  enters  the  vee-groove  clamp.  The  adapters  are 
factory  fitted  and  colour  coded  and  can  handle  the 
standard  jacket  diameters  of  900pm  and  250pm  or  a 
mixture  of  both. 


DESIGN  CONSIDERATONS 

In  order  to  design  a  plastic  based  mechanical  splice  a 
number  of  important  design  considerations  were  taken 
into  account.  This  was  particularly  important  for  the 
material  selection  where  the  key  requirements  were 
established  as: 

•  low  enough  compressive  yield  strength  to  deform 
to  the  fiber  diameter  variations  under  moderate 
force,  yet  sufficiently  high  to  maintain  holding 
pressure  on  the  relatively  small  surface  area  of  the 
fiber. 

•  high  creep  strength  so  as  to  maintain  the  fiber 
retention  over  time  under  long  term  exposure  to 
varying  environmental  conditions 

•  good  molding  characteristics  i.e.; 

-  low  shrinkage  to  allow  maintt  of  high 
dimensional  tolerance  including  n*  jS, 

-  insensitivity  to  minor  variations  in  process 
parameters, 

-  good  surface  finish. 

•  chemical  compatibility  with  the  index  matching  gel 

•  high  long  term  stability  under  the  wide  range  of 
conditions  typically  found  in  the  outside  plant  and 
in-building  environments 
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Fig.  4  Graph  of  insertion  loss  sensitivity  during 
temperature  cycling  between  -40°C  and  +80°C. 

Long  term  material  creep  resistance  studies  were 
conducted  to  investigate  fiber  retention/alignment 
with  respect  to  stress  relaxation.  Although  there  was 
initially  some  concern  regarding  the  plastic  creep,  this 
characteristic  proved  to  be  an  asset  in  practise  since  the 
fiber  retention  strength  actually  increased  with  time. 
This  is  an  additional  benefit  derived  from  the  balanced 
compressive  stresses  which  are  inherent  in  this  design. 


SPLICE  INSTALLATION  AND  TOOL 

The  splice  is  installed  by  use  of  a  simple  plastic  tool 
which  is  illustrated  in  fig.  5. 


Fig.  5  Illustration  of  splice  installation  tool. 


•  high  toughness  to  prevent  shaving  by  the  cleaved 
fibers  during  insertion 

Having  established  a  number  of  candidate  materials, 
testing  was  conducted  to  study  their  stability 
characteristics  with  respect  to  time  and  temperature. 
Thermal  cycling  testing  to  study  loss  sensitivity  was 
carried  out  between  -40°C  and  +80°C.  Fig.  4  illustrates 
the  typical  characteristics  observed.  As  can  be  seen,  the 
exhibited  variation  is  well  within  acceptable  limits  and 
is  comparable  to  that  seen  with  more  exotic  all-glass 
splice  designs. 


For  installation  the  splice  is  placed  into  a  receptacle 
provided  in  the  tool  and  the  operating  lever  is  rotated 
forward  so  as  to  open  the  vee-groove  clamp  to  accept 
the  bare  fiber.  Each  fiber  is  stripped,  cleaved  and 
cleaned  using  conventional  techniques.  Lay-in  type  of 
guides  are  provided  in  the  tool  to  guide  the  fibers 
easily  into  the  entry  ports  of  the  splice.  Fiber  strain 
relief  clamps  are  provided  at  each  end  of  the  tool  to 
retain  the  fibers  prior  to  closing  the  vee-groove  clamp. 
Precise  centering  of  the  fiber  interface  within  the  splice 
is  not  critical,  however,  guages  have  been  molded  into 
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the  tool  so  that  the  craftsperson  can  check  that  the 
correct  length  of  bare  fiber  has  been  provided. 

The  fibers  are  secured  by  rotating  the  operating  lever  of 
the  tool  back  to  release  the  vee-groove  clamp.  An 
ejection  mechanism  is  also  activated  by  this  operation 
to  facilitate  removal  of  the  splice. 

Tuning  to  minimize  fiber  core  eccentricity  mismatch 
can  be  conducted  if  desired  by  reopening  the  fiber  vee- 
groove  clamp  to  facilitate  fiber  rotation.  The  unique 
self-locking  design  of  the  deformable  60°  vee-groove  is 
such  that  the  fibers  remain  wedged  in  position  after 
release  of  the  clamp.  Simple  rotation  is  enough  to 
break  the  locking  action  so  that  one  of  the  fibers  can  be 
rotated  relative  to  the  other. 


DESIGN  VERIFICATION  RESULTS 

Extensive  design  verification  testing  has  been 
completed  to  ensure  the  validity  of  the  design.  Fig.  6(a) 
and  6(b)  show  graphs  of  insertion  loss  for  fibers  of  both 
similar  and  mismatched  diameters.  Fig.  6(c)  shows 
measured  results  of  reflection.  An  insertion  loss  of 
0.04dB  was  obtained  for  fibers  with  similar  diameters 
and  eccentricities  of  0.3  pm  or  less.  A  slightly  higher 
loss  of  0.07dB  was  obtained  for  mixed  splicing  of  fibers 
with  diameters  at  each  end  of  the  production 
specification  (i.e.;  123pm  and  127pm)  with 
eccentricities  similar  to  those  in  the  like  diameter  tests. 
These  results  were  obtained  without  tuning  during 
splicing.  The  impact  of  the  diameter  mismatch  has 
been  significantly  reduced  due  to  the  self-centering 
action  of  the  conformal  vee-groove.  Furthermore,  the 
design  is  very  forgiving  in  that  there  is  significant 
margin  to  tolerate  fibers  with  diameters  beyond  the 
tolerance  limit  of  the  specification. 

Insertion  Loss  Nominal  Diameter  Fibers 


Insertion  Loss  For  Mlnlnum  to  Maximum  Fiber  Diameters 


Fig.  6(b)  Insertion  loss  for  fibers  of  unlike  diameter  and 
typical  eccentricity  (26  samples). 


Fig.  6(c)  Return  losses  for  28  samples. 

The  results  of  fiber  retention  testing  are  indicated  in 
fig.  7.  A  mean  of  1290g  with  100%  of  the  samples 
greater  than  500g  was  achieved,  easily  meeting  the 
Bellcore  standard  of  454g  for  fiber  retention  and 
robustness. 


Fig.  6(a)  Insertion  loss  for  fibers  of  like  diameter  and 
typical  eccentricity  (22  samples). 


Fig.  7  Fiber  retention  for  20  samples. 


486  International  Wire  &  Cable  Symposium  Proceedings  1990 


Table  1  shows  the  results  of  key  tests  conducted  to 
verify  the  reliability  of  the  splice  for  long  term 
performance. 


CHANGE  DURING 

CHANGE  AFTER 

THERMAL  CYCLE  (•40°C  to  +80°C)  j 

Loss  SO.IdB 

0.04d3  Avg.  Increase 

Retention 

10%Avg  Increase 

HEAT  AGE  (12  weeks  ©  +80°C) 

Loss  s0.03dB 

0.05dB  Avg.  Increase 

Retention 

15%  Avg.  Increase 

Table  1.  Loss  and  fiber  retention  results  for  long  term 
reliability  tests. 


CONCLUSION 

A  new  plastic  mechanical  splice  has  been  designed  to 
meet  the  needs  associated  with  the  wider  deployment 
of  fiber  in  telco,  CATV  and  LAN  applications.  The 
splice  is  made  of  a  precision  molded  plastic  material 
which  facilitates  mass  production  and  gives  superior 
optical  performance.  It  is  easily  installed  in  the  field 
using  a  simple  fixture  and  uses  no  adhesives  or 
polishing.  Extensive  verification  testing  has  been 
conducted  and  the  splice  has  been  shown  to  meet  the 
requirements  for  long  term  reliability  in  outside  plant 
and  in-building  applications. 
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Abstract 

The  need  for  physical  fiber  management  is  increasing  as 
fiber  systems  migrate  from  trunking  to  feeder  plant  and  ul¬ 
timately  to  the  distribution  plant.  With  this  migration,  the 
number  of  fibers  entering  a  central  office  or  remote  facility 
increases  by  several  orders  of  magnitude.  There  is  a  need 
for  fiber  cross  connect  or  interconnect  hardware  that  occu¬ 
pies  a  minimum  of  space,  provides  easy  access  to  individu¬ 
al  fibers,  and  allows  for  flexible  rearrangement  without  be¬ 
coming  an  administrative  nightmare.  Bell-Northem 
Research  has  developed  a  unique  system  for  managing  fi¬ 
ber  that  terminates  and  self-administers  a  large  number  of 
fibers  in  a  variety  of  applications. 


Introduction 

The  investigation  of  requirements  for  managing  fiber  in  the 
fiber  centers  of  tomorrow’s  networks  led  to  the  develop¬ 
ment  of  the  Fiber  Management  System.  The  Fiber  Man¬ 
agement  System  addresses  a  variety  of  applications  includ¬ 
ing  telecommunications,  data  communications,  and  private 
networks.  The  system  is  designed  for  central  office  admin¬ 
istration  of  fiber  between  equipment  and  outside  plant,  and 
equipment  to  equipment.  The  flexibility  of  the  design  al¬ 
lows  the  system  to  be  used  in  huts  or  CEVs,  and  as  an  in¬ 
terconnect  or  cross  connect.  It  is  also  applicable  in  cus¬ 
tomer  premises  for  the  termination  and  administration  of 
fiber  backbones  and  LANs. 


Network  Requirements 

Bell-Northem  Research  identified  six  major  requirements 
for  managing  the  all-fiber  central  office  of  the  future: 

1.  slack  management 

2.  spare  fiber  management 

3.  equipment  interconnection 

4.  connection  rearrangement 

5.  centralized  administration 

6.  test  access 


Slack  Management 

Today’s  number  one  requirement  in  the  use  of  fiber  net¬ 
works  is  to  effectively  manage  cable  slack.  The  root  cause 
of  cable  slack  is  the  inability  to  readily  install  connectors  in 
the  field.  To  minimize  installation  costs,  many  network 
providers  are  using  cables  that  are  preconnectorized  at  both 
ends.  Engineering  the  exact  length  of  these  cables  is  diffi¬ 
cult,  resulting  in  a  cable  that  is  usually  too  long.  To  pre¬ 
vent  cable  entanglement  problems,  the  slack  must  be  effec¬ 
tively  managed. 

Spare  Fiber  Management 

Because  of  the  different  economic  periods  used  for  cable 
provisioning  and  equipment  provisioning,  there  is  a  need 
for  spare  fiber  management.  Typically,  outside  plant  cable 
is  provisioned  for  a  much  longer  period  of  time  than  the 
equipment.  The  spare  fibers  resulting  from  these  different 
provisioning  periods  require  orderly  termination  and  identi¬ 
fication  in  order  to  provide  service  on  demand. 

Equipment  Interconnection 

To  avoid  service  disruptions,  eliminate  delays,  and  reduce 
costs,  there  is  a  requirement  for  quick  interconnection  to 
the  outside  plant.  This  requires  the  orderly  termination  of 
both  the  outside  plant  and  equipment  cables  in  the  central 
office.  Once  the  fibers  are  terminated,  they  can  be  quickly 
interconnected  with  a  simple  patch  cord. 

Cpnneciion.Reatrangenism 

Interconnections  need  to  be  rearranged  to  accommodate 
fiber  network  evolution  and  growth.  As  systems  evolve 
and  grow,  they  can  require  rearrangement  of  equipment  in¬ 
terconnections  with  minimal  downtime.  Rearrangement 
must  not  disrupt  existing  cables  and  services.  Quick 
rearrangement  of  connections  is  also  required  for  restora¬ 
tion  due  to  physical  cable  failures. 

Centralized  Administration 

Fiber  interconnections  require  administration  from  a  cen¬ 
tral  location,  rather  than  being  scattered  throughout  the 
central  office.  Centralized  cable  appearances  allow  cable 
and  equipment  to  be  administered  separately.  Centraliza¬ 
tion  simplifies  records  and  network  management,  and  the 
interconnection  of  leased  fibers. 
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Test  Access 

There  is  a  need  to  access  and  test  fiber  prior  to  equipment 
connection.  By  terminating  the  ends  of  all  fibers  on  con¬ 
nectors,  in  one  location  in  the  central  office,  the  task  of  lo¬ 
cating  individual  fibers  for  testing  is  simplified.  Testing 
can  take  place  without  interfering  with  other  central  office 
activities. 


Fiber  Management  Requirements 

Bell-Northern  Research  translated  the  network  require¬ 
ments  into  the  following  basic  requirements  for  a  fiber 
management  system: 

1.  high  termination  density 

2.  termination  and  splicing  integration 

3.  single-sided  front  access 

4.  multiple  applications 

5.  patch  cord  and  cable  management 

6.  future  technology  compatibility 

High  Termination  Density 

Future  networks  with  large  fiber  counts  require  high  termi¬ 
nation  density.  Since  connector  density  affects  the  number 
of  bays  required,  a  high  bay  density  decreases  overall  patch 
cord  length  and  the  need  for  interbay  patch  cords.  A  high 
termination  density  saves  floor  space,  providing  more 
placement  options  for  the  system,  thereby  reducing  facility 
costs. 

Termination  and  Splicing  Integration 

To  achieve  high  density,  termination  and  splicing  integra¬ 
tion  is  required.  This  simplifies  installation,  lowers  costs, 
and  places  the  splice  with  the  connector.  Connector  splice 
and  fiber  slack  can  all  be  contained  and  protected  within  a 
single  unit. 

Single-Sided  Front  Access 

Single-sided  front  access  is  required  for  small  and  large 
central  offices,  huts,  CEVs  and  customer  premise  applica¬ 
tions.  Single-sided  front  access  simplifies  planning,  instal¬ 
lation,  and  operation. 

Multiple  Applications 

A  fiber  management  system  must  address  a  variety  of 
applications  including  interconnect  and  cross  connect. 

This  minimizes  the  cost  of  inventory,  training,  and  engi¬ 
neering,  and  simplifies  standardization.  The  system  must 
accept  various  connector  types  for  both  single-mode  and 
multimode  fiber. 

Patch  Cord  and  Cable  Management 

Controlled  routing  and  separation  of  cables  and  patch  cords 
is  required.  Controlled  routing'ensures  proper  bend  radius 
and  prevents  entanglement,  eparation  of  cables  and  patch 
cords  provides  easy  identification  and  access. 


Future  Technology  Compatibility 

A  fiber  management  system  must  be  reconfigureable  to 
meet  changing  technologies,  without  changing  the  overall 
concept  of  fiber  management.  The  system  must  be  capable 
of  accommodating  connectors,  WDMs,  splitters,  and  atten¬ 
uators,  as  they  evolve. 


Figure  1  Fiber  Management  System  fully  equipped 
and  configured  for  cross  connect 
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System  Solution 

Bell-Northern  Research  in  conjunction  with  Northern  Tele¬ 
com  designed  the  Fiber  Management  System,  to  meet  these 
network  and  fiber  management  requirements  in  a  variety  of 
applications. 

The  Fiber  Management  System  consists  of  a  frame,  cable 
panels,  shelves,  and  connector  blocks,  as  shown  in  Figure  1. 

■e  and  Shelves 

The  Fiber  Management  System  frame  and  shelves  are 
uniquely  arranged  in  two  columns,  to  separate  cables  from 
patch  cords.  Outside  plant  is  terminated  on  one  column 
and  equipment  is  terminated  on  the  other.  Cables  run  in 
channels  along  the  outer  edges  of  the  frame,  and  patch 
cords  are  contained  within  the  center  of  the  frame.  To 
make  an  interconnection,  patch  cords  are  placed  vertically 
in  the  center  channel  between  the  two  columns; 

The  single-sided  frame  is  7  feet  high  and  meets  NEBS 
standards  for  a  23-inch  wide  frame. 

The  frame  can  be  configured  for  either  cross  connect  or 
interconnect  by  changing  the  cable  panel  at  the  top  of  the 
frame.  The  frame  shown  in  Figure  1  is  configured  for 
cross  connect. 

The  cable  panel  is  used  for  routing  cable  to  and  from  the 
frame,  and  provides  strain  relief  and  bonding. 

The  transition  shelf  at  the  bottom  of  the  frame  protects  and 
provides  space  for  interbay  patch  cords. 

The  frame  has  the  capacity  for  5  shelves  each  containing 
24  connector  blocks.  Each  shelf  has  cable  guides  and 
guides  for  controlling  the  bend  radius  of  the  patch  cords. 

The  Fiber  Management  System  has  the  capacity  to  termi¬ 
nate  up  to  960  fibers  on  *ST-type  connectors.  There  are 
480  fibers  terminated  on  one  column  and  480  on  the  other. 

Multiple  frames  can  be  used  in  a  lineup  to  accommodate 
large  offices. 


Connector  Blocks 

The  Fiber  Management  System  connector  blocks  integrate 
the  connectors,  splices,  and  slack  fiber  into  one  assembly, 
as  shown  in  Figure  2.  This  integration  provides  the  high 
port  density  and  visual  relationship  of  the  connector  and 
splice  for  circuit  tracing  and  testing. 

The  splice  pack  holder  inside  a  connector  block  holds  and 
protects  up  to  eight  fiber  splices.  Storage  is  provided  for 
incoming  fibers  and  connector  pigtails,  while  maintaining 
bend  radius  control. 

The  connector  sleeve  couplers  are  mounted  in  individual, 
snap-in,  plastic  adaptors.  These  adaptors  can  be  custom¬ 
ized  to  accommodate  a  variety  of  connector  types. 

*  ST  is  a  trademark  of  American  Telephone  and  Telegraph. 


Figure  2  Top  view  of  a  connector  block  with  the 
protective  cover  open 


A  drop  handle  at  the  front  of  the  connector  block  provides 
protection  to  the  patch  cord  connectors.  Guides  in  the  drop 
handle  provide  bend  radius  control  for  the  individual  patch 
cords.  A  guide  is  also  provided  to  control  bend  radius 
where  the  patch  cords  exit  the  connector  block.  There  is 
space  at  the  front  of  the  drop  handle  for  fiber  identification 
labels.  These  can  be  color  coded  for  identifying  outside 
plant  appearances  and  various  equipment  types. 

Figure  3  shows  a  bottom  view  of  a  connector  block  fiber 
guard  and  storage  area.  Under  the  fiber  guard,  which  snaps 
open,  a  storage  compartment  allows  two  turns  of  tubed  fi¬ 
ber  to  be  wrapped  around  a  spool.  The  two  turns  that  re¬ 
main  in  the  block  during  operation  provide  sufficient  slack 
for  the  connector  block  to  be  extended  for  patch  cord  at¬ 
tachment  and  maintenance. 


Figure  3  Bottom  view  of  a  connector  block  and  fiber  guard 
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The  blocks  are  mounted  in  the  shelf  on  guides.  Figure  4 
shows  a  connector  block  extended  with  the  drop  handle 
down  and  a  connector  being  accessed.  Clearly  shown  is 
the  protection  provided  to  the  connectors  by  the  drop  ban 
die,  and  the  ample  space  provided  for  designation. 


Figure  4  An  extended  connector  block  with  the  drop 
handle  down 


Figure  5  A  factory  stubbed  connector  block  and  cable 

For  most  telco  applications,  six  connectors  arc  used  in  each 
connector  block.  To  simplify  installation,  groups  of  four 
blocks  can  be  factory  stubbed  with  a  24— fiber  inbuilding 
cable,  asvshown  in  Figure  5. 

The  stubbed  assembly,  partially  inserted  in  the  shelf,  as 
shown  imi-igure  0,  is  temporarily  supported  lor  shipping 
and  handling,  by  molded  plastic  brackets.  Once  inserted  in 


the^shelf,  these  brackets  are  removed  and  the  stubbed  cable 
routed  up  the  side  of  the  frame  to  the  cable  vault  for  splic¬ 
ing  to  the  outside  plant. 


Figure  6  Installation  of  a  stubbed  connector  block 


Testing 

Tire  Fiber  Management  System  has  undergone  extensive 
testing  and  evaluation  at  BNR  with  operating  craftsmen. 
The.absolutc  insertion  loss  through  the  system,  when  confi¬ 
gured  as  a  cross  connect,  averages  less  than  0.9  dB  (2  con¬ 
nectors  and  2  splices).  Therefore,  the  Fiber  Management 
System  docs  not  contribute  to  the  overall  loss.  When  the 
blocks  arc  partially -withdrawn  from  a  shelf  for  accessing 
the  connectors,  and  returned  to  the  closed  position,  the  av¬ 
erage  change  in  insertion  loss  is  0.05  dB  with  the  maxi¬ 
mum  change  under  0.3  dB.  In  the  normal  operation  of 
placing,  tracing,  and  removing  patch  cords,  tensile  loads  of 
3  pounds  or  less  couldibe  applied  to  a  cord.  To  demon¬ 
strate  the  superior  patch  cord  guidance  through  the  system, 
loads  up  to  10  pounds  were  applied,  and  the  loss  did  not 
increase  by  more  than  0,5  dB.  When  the  loads  were  re¬ 
moved,  the  loss  returned  to  its  original  value. 


Summary 

Future  fiber  networks  require  solutions  that  do  not  apply 
today.  At  the  present  rate  of  fiber  evolution,  there  is  an  ob¬ 
vious  need  for  effective  fiber  management. 

The  Fiber  Management  System  is  designeduo  address  this 
evolution  by  providing  high  density  in  a  single-sided  frame 
that  effectively  manages  the  cables  and  patch  cords  in 
many  applications.  The  connector  blocks  can  be  easily 
adapted  to  meet  a  variety  of  needs.  Extensive  tc  mg  and 
evaluation  have  proven  the  effectiveness  of>this  system. 
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Abstract 

Tho  multifiber  connector  is  usually 
used  with  refractive  index  matching  gel 
between  tho  mating  interface  to  get  high 
return  loss  and  low  insertion  loss.  But 
it  is  not  easy  to  put  the  gel  on  the 
ferrule  end  face  in  the  manhole  and  it 
is  sometimes  difficult  to  get  stable 
connection  when  it  is  disjoined  and 
rejoined  often.  This  paper  describes  a 
newly  developed  a  multi-fiber  connector 
with  high  return  loss  and  low  insertion 
loss  by  applying  polymeric  film  on  the 
mating  face. 


1.  Introduction 

Since  fiber  optic  cable  have  been 
introduced  into  telecommunication 
subscriber  networks,  the  number  of  the 
fibers  in  a  cable  has  increased  every 
year.  A  1000-fiber  cable  which  is 
composed  of  4-fiber  or  8-fiber  ribbons, 
has  been  developed  and  introduced  into  the 
networks  in  Japan.  In  order  to  splice  or 
measure  the  largo  fiber  count  cable,  a 
fiber  ribbon  connector  is  widely  used  both 
in  the  field  and  the  building.  In 
general,  the  fiber  ribbon  is  spliced  by 
the  ribbon  connector  using  refractive 
index  matching  gel  to  optimize  return  loss 
and  insertion  loss  performance.  The  index 
matching  gel  is  sometimes  inconvenient  to 
repeat  disjoining  and  rejoining,  and  to  be 
used  where  air  is  not  clean  or  where  it 
has  wide  temperature  change. 

The  8-fiber  ribbon  connector  with  the 
film  has  demonstrated  excellent  optical 
properties  in  various  reliability  tests. 
The  return  loss  during  a  30,000  times 
repeatability  tost  of  one  to  more  than  100 
8-fiber  connectors,  is  larger  than  30dB 
and  mean  value  is  38dB.  The  insertion 
loss  of  the  connector  in  the  test  is 
0.25dB.  The  insertion  loss  of  variation 
during  the  -10  to  60  °C  temperature  and 
high  humidity  test  of  90%RH  at  70  ’C,  was 
less  than  O.ldB.  Furthermore  it  was 


proved  that  the  connector  can  be  used  with 
both  1-3  and  1.5pm  wavelength,  with  same 
high  return  loss  and  low  insertion  loss 
performance . 


2.  Anti -reflection  Film 

Several  types  of  anti-reflection 
films  have  been  reported.  The  film  for 
optical  connectors  should  satisfy  the 
following  conditions. 

1) .  Has  an  low  attenuation  loss  within  the 

applicable  wavelength  range. 

2) .  Has  a  refractive  index  which  is  equal 

to  that  of  optical  fibers. 

3) .  Can  be  formed  in  the  film  thickness  20 

micron  or  less. 

4) .  Has  an  appropriate  elasticity. 

5) .  Does  not  adversely  affect  the  plug  ertd 

face  when  being  connected. 

The  materials  which  satisfy  the  above 
conditions  may  be  in  the  foi'm  of  film  or 
liquid  before  they  are  processed.  We 
selected  and  studied  materials  in  film 
form  as  their  thickness  can  be  easily 
controlled,  they  are  easily  attached  on  a 
plug  end  face  at  low  temperature  and  can 
be  attached  in  a  short  time. 

The  properties  of  the  selected 
material  are  shown  in  Table  i. 


Table  1  PROPERTIES  OF  THE  POLYMERIC  FILME 


ITEM 

DATA 

REFRACTIVE  INDEX 

1.48  ~  1.50 

YOUNG  MODULUS 

0.  lkg/ii2 

TRANSMISSIVITY 

99  % 
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3.  Sample  Structure 

As  the  sample  optical  connector,  we 
used  an  8-fiber  optical  connector  which  Is 
widely  used  for  connecting  single-mode 
ribbon  fibers. (1)  The  connector  is 
composed  of  a  plastic  ferrule,  a  rubber 
boot,  two  alignment  pins  and  a  plate 
spring.  The  ferrule  comprises  a  pair  of 
holes  in  which  the  alignment  pins  are 
inserted,  and  8-micro-holes  which  are 
precisely  positioned  in  order  to  receive 
ribbon  fibers  therein.  The  ferrule  is 
made  of  thermosetting  plastic  and  molded 
by  precision  transfer  molding  process. 

The  optical  fibers  used  are  standard 
single  mode  fibers  of  1.3  pm  wavelength. 
Figure  1  shows  the  structure  of  a 
connector . 


Fiber  ribbon 


Fig. 2  INSERTIOI  , OSS  vs  ENDFACE  INTERVAL 


The  anti-reflection  film  was  first 
fixed  on  a  polish-finished  plastic 
connector  end  face,  and  then  cut  into 
prescribed  dimensions  for  attachment.  We 
determined  the  film  thickness  to  be  less 
than  20  pm  in  consideration  of  the 
relation  between  the  end  face  intervai  and 
the  insertion  loss  as  shown  in  Fig.  2. 

Figure.  3  indicates  the  plug  structure 
with  the  anti-reflection  film  which 
attaches  on  an  end  face. 


Fiber  ribbon 


Fig. 3  PLUG  STRUCTURE 


4 .  Result 

The  pressure  on  the  connector  end  face 
applied  by  the  clip  was  set  at  1.0  kg  for 
evaluation  to  simulate  conditions  of  a 
normal  operation. 

The  anti-reflection  film  was  attached 
only  on  the  end  face  of  a  master  plug  for 
evaluation.  The  identical  samples  were 
prepared  in  two  ways  for  comparison  ;  one 
by  connecting  with  conventional  refractive 
index  matching  gel  and  the  other  by 
connecting  with  the  anti-reflection  film. 
The  insertion  loss  of  the  both  samples 
were  then  measured  by  means  of  a  1.3  pm 
LED  light  source.  Fig.  4  shows  the  result 
of  the  measurement  of  insertion  loss. 

The  mean  insertion  loss  was 
.espectively  0.2  dB  and  0.24  dB  for  the 
connection  with  the  index  matching  gel  and 
with  the  anti-reflection  film.  The  result 
shows  that  the  anti-reflection  film  does 
not  deteriorate  the  insertion  loss  which 
is  comparable  to  the  index  matching  gel. 
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Fig. 4  INSERTION  LOSS 


Return  loss  [dB] 


Fig. 5  RETURN  LOSS 


The  return  loss  was  measured  by  a 
optical  return  loss  measuring  sot 
(measured  wavelength  :  1.3  pm).  Fig.  5 
shown  the  result  of  measurement  of  return 
loss.  The  film  sample  showed  excellent, 
result  at  30  dB  or  higher  with  the  average 
at  38.0  dB.  The  loss  variation  at 
the  temperature  cycle  test  from  -10* C  to 
+60° C  and  the  high- temperature  and  high- 
humidity  test  at  70*  C  and  90%RII  remained 
favorably  as  low  as  at  0.1  dB  or  lower. 


No  abnormalities  such  as  peeling  off 
was  observed  after  20  cycles  of  the 
temperature  cycle  test  and  after  100  hours 
of  the  high- temperature ,  high-humidity 
test . 

The  samples  were  subjected  to  repeated 
a.  tnchinent/detachment  tests  for  30,000 
times  while  the  insertion  and  return 
losses  were  continuously  measured  in  order 
to  test  the  mechanical  durability  of  the 
film.  Fig.  6  shows  the  result  of  the 
tost.  The  film  samples  showed  extremely 
stable  properties  throughout  the  tests. 
No  irregularity  was  observed  in  the  state 
of  the  film  after  the  evaluation  tests. 


Fig. 6  REPEATABILITY  TEST 


5.  Conclusion 


We  performed  a  study  on  the  anti- 
reflection  film  which  can  be  attached  on 
the  connection  interfaces  of  optical 
connectors  and  which  can  be  repeatedly 
attached/detached  without  any  optical 
degradations.  We  realized  a  thin  film 
which  achieved  low  insertion  loss  and  high 
return  loss  comparable  to  the  index 
matching  gel.  We  manufactured  on  trial 
basis  an  8-fiber  optical  connector  with 
the  proposed  thin  film,  and  the  connector 
demonstrated  excellent  properties  with  30 
dB  or  higher  return  losses  and  on  average 
0.24  dB  insertion  losses.  It  was 
confirmed  that  the  anti-reflection  film 
was  applicable  to  multi-fiber  ribbon 
connectors . 
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FIELD  EVALUATION  RESULT  OF  HERMETICALLY  COATED  OPTICAL  FIBER  CABLES 

FOR  PRACTICAL  APPLICATION 

Yutaka  KATSUYAMA,  Nobuyuki  YOSHIZAWA,  and  Takamasa  YASHIRO 


NTT  Transmission  Systems  Laboratories, 
Tokai-Mura,  Naka-Gun,  Ibaraki-Ken,  319-11  JAPAN 


ABSTRACT 

A  field  test  was  carried  out  for  evaluating  total 
performance  of  hermetically  coated  fibers  (HCFs). 
Three  cables  containing  a  large  volume  of  HCFs  and 
non-hermetically  coated  fibers  (NHCFs)  were 
manufactured  and  installed  in  duct  and  aerial  routes. 
The  characteristics  of  the  2  types  of  fibers  were 
examined  and  compared.  The  field  test  result  clarified 
that  the  cable  installation  and  splicing  were 
satisfactory  in  the  field,  although  the  hermetic  coating 
might  prevent  fiber  core  monitoring  and  local 
detection.  The  total  performance  of  HCFs  was  found 
to  be  excellent;  the  long-term  reliability  is  much 
better,  and  the  construction  is  comparable  to  the 
NHCFs.  In  conclusion  it  is  possible  to  put  the  HCFs 
into  practical  use  and  HCF  is  promising  to  construct 
maintenance-free  optical  network. 

I.  Introduction 

Hermetically  coated  optical  fibers  are  expected  to 


provide  highly  reliable  optical  networks,  because  of 
their  high  resistance  to  both  static  fatigue  and  optical 
loss  increase  due  to  hydrogen  diffusion  ill, 121, [3],  Many 
approaches  to  improving  the  resistance  were  tried,  and 
amorphous  carbon  coating  was  found  to  be  promising. 

A  large  n-value  (fatigue  resistance  parameter)  of 
hermetically  coated  fibers  has  already  been  attained, 
while  maintaining  the  resistance  to  hydrogen-induced 
optical  loss.  However,  initial  strength  of  hermetically 
coated  fiber  was  about  20  %  lower  than  that  of  non- 
hermetic  fibers  121,131.  We  proposed  high-strength 
hermetically  coated  fibers  with  small  roughness  of 
carbon  coating  14).  This  provided  the  hermetically 
coated  fibers  whose  initial  strength  was  as  large  as  the 
non-hermetic  fibers,  getting  rid  of  the  big  problem  of 
the  conventional  hermetically  coated  fibers.  Our  next 
approach  is  to  clarify  the  performance  oflarge  volume 
of  the  hermetically  coated  fibers  in  the  field.  Efficient 
splicing  and  local  monitoring  should  also  be  examined 
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before  the  practical  application.  Thus,  we  carried  out 
a  field  trial. 

In  this  paper,  the  total  performance  of  long  cables 
containing  the  hermetically  coated  fibers  is  presented, 
which  was  examined  and  obtained  in  the  field  trial. 


II.  Outline  of  Field  Trial  of  Hermetically  Coated 
Optical  Fiber  Cables 

(1).  Field  Trial  Configuration 

Figure  1  shows  field  trial  routes.  Three  optical 
cables  A,  B  and  C  were  installed  in  duct  and  aerial 
routes.  The  cable  A  line  was  constructed  by 
connecting  both  the  duct  and  aerial  routes,  the  cable  B 
line  by  just  the  aerial  route,  and  the  cable  C  line  by 
just  the  duct  route.  The  main  parameters  of  the  3 
cables  are  listed  in  Table  1. 


Table  1  Optical  Cables  for  the  Field  Trial. 


Item 

cable  A 

cable  B 

cable  C 

Cable  Length  (km) 

2.76 

2.86 

0.53 

Outer  Dia.(mm) 

17.5 

16 

17 

Strength  Member 

Steel 

Steel 

Kevlar® 

Total 

128 

120 

100 

Fiber 

DS  SM 

HC 

24 

22 

25 

NHC 

72 

66 

25 

Number 

N  SM 

HC 

24 

8 

25 

NHC 

8 

24 

25 

(2).  Mechanical  Characteristics  of  the  Field 
Trial  Cables 

The  cross-section  of  cable  B  is  shown  in  Fig.  2  as  a 
typical  example  of  the  3  cables.  The  optical  fibers 
were  drawn  and  coated  with  carbon  layer  in  CVD 
process,  followed  by  UV-curable  resin  coating  (0.25mm 
dia.).  The  installed  cables  were  4-fiber-ribbon/slotted- 
rod  type  designed  for  water-blocking  performance  15). 
Five  ribbons  are  accommodated  in  a  slot.  Cables  A 
and  B  contain  an  interstitial  pair  for  monitoring. 


HERMETIC 

NON- 

HERMETIC 

DS  SM 

N  SM 

• 

<8> 

0 

@ 

INTERSTITIAL 

PAIR 

SLOT 

SLOTTED-ROD 


OPTICAL 
FIBER  RIBBON 


STRENGTH 

MEMBER 


Fig.  2  CROSS-SECTION  OF  CABLE  B 


The  ends  of  cables  A  and  B  were  terminated  inside 
a  measurement  room,  and  the  fibers  were  spliced  to 
obtain  4  dispersion-shifted  single-mode  (DS  SM)  fiber 
links  (130  km  each;  1.55  pm  use),  and  4  normal  single¬ 
mode  (N  SM)  fiber  links  (45  km  each;  1.3  pm  use), 
including  both  hermetically  coated  (HC)  fibers  and 
non-hermetically  coated  (NHC)  fibers.  Additional 
links  were  constructed  by  cable  C  in  the  same  way  as 
for  cables  A  and  B.  In  a  manhole  of  the  cable  C  line, 
the  fibers  in  cable  C  were  cut  and  re-spliced,  followed 
by  protected  with  a  closure,  as  shown  in  Fig.  1.  Water 
was  permeated  intentionally  into  the  closure  to 
evaluate  the  optical  loss  stability  of  the  cable  C  links. 

The  optical  loss  of  the  cables  and  the  splice  loss 
were  measured  to  obtain  the  statistical  data.  Total 
length  of  the  cables  was  6.15  km.  Total  lengths  of  the 
installed  hermetic  and  non-hermetic  fibers  were  about 
250  and  500  km,  respectively. 


Table  2  Tensile  strength  measurement  conditions. 


Item 

Condition 

Gauge  Length  (mm) 

300 

Strain  Rate  (%/min.) 

20 

The  strength  distributions  of  the  fibers  in  the  cable 
were  evaluated.  A  30-m  long  piece  was  cut  from  an 
end  of  cable  A,  and  the  optical  fibers  were  extracted 
from  the  cable  piece.  Twenty  pieces  of  measurement 
samples  were  obtained  from  each  fiber,  and  the  tensile 
strength  of  each  sample  was  measured  under  the 
condition  listed  in  Table  2.  Thus,  20  strength  values 
were  obtained,  giving  a  median  strength  of  the  fiber. 
The  same  measurement  was  repeated  for  50 
hermetically  coated  fibers  and  48  non-hermetically 
coated  fibers.  The  histogram  of  the  median  strength 
distribution  is  shown  in  Fig.  3.  The  average  values  of 
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the  median  strengths  were  almost  identical  each  other 
for  both  hermetically  coated  and  non-hermetical,  * 
coated  fibers. 


2  50 

2*o 

5j  30 


AVERAGE 


[1  /HERMETIC 
v/  (N=50) 


NON-HERMETIC 

/(N=48) 


of  median  strength,  given  by  10  measurements  at  each 
strain  rate  for  one  fiber,  allowed  to  determine  n-value. 
Figure  5  shows  the  histogram  of  n-value  obtained  for 
25  fibers.  The  measured  n-value  of  the  hermetically 
coated  fibers  was  larger  than  200,  which  is  10  times  as 
large  as  that  of  non-hermetically  coated  fibers.  The 
average  n-value  was  340. 

Figure  6  shows  the  strain  rate  dependence  of  the 
tensile  strength  oj  measured  for  the  25  fibers.  It  is 
clear  that  the  strength  is  almost  independent  of  strain 
rate,  indicating  very  high  n-value. 


III.  Field  Evaluation  Results 


1).  Optical  Loss  Chanaes  due  to  Installation 
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FIG.7  OPTICAL  LOSS  OF  THE  CABLES  Fig.8  (b)  OPTICAL  LOSS  CHANGE  DUE  TO 

INSTALLATION 


Fig.8  (a)  OPTICAL  LOSS  CHANGE  DUE  TO 
INSTALLATION 

installation.  The  installation  was  conducted  by  the 
ordinary  pulling  method.  Figure  7  shows  the 
measured  optical  loss  of  the  cables  before  installation. 
It  is  found  that  the  optical  losses  are  almost  identical. 
However,  the  average  optical  losses  of  hermetic  fibers 
are  about  3  %  larger  than  those  of  non-hermetic  fibers 
both  at  1.3  and  1.55  pm.  This  may  be  because  the 
drawing  conditions  for  the  hermetic  fibers  are 
different  from  those  for  non-hermetic  fibers,  caused  by 
the  CVD  process  for  the  carbon  coating. 

Figures  8  (a)  and  (b)  show  the  optical  loss  changes 
of  cables  A  and  B  due  to  installation.  The  optical 
losses  of  the  installed  cables  were  measured  with 
OTDR,  and  the  difference  between  the  values  before 
and  after  the  installation  was  plotted  in  Fig.  8.  The 


average  changes  are  within  0.02  dB/km,  and  no 
significant  differences  are  found  between  hermetic  and 
non-hermetic  fibers. 

(2).  Splice  Experiment  and  Local  Detection  for 
Fiber  Identification 

After  the  cable  installations,  484  splices  were 
carried  out  with  the  existing  fusion  splicers.  The 
hermetic  fibers  can  be  spliced  successfully  with  the 
cleaning  discharge  method  16),  which  enables  to 
remove  the  carbon  layer  simply  and  effectively. 
Figures  9  and  10  show  the  single-splice  loss  and  mass- 
splice  loss  distributions  for  DS  SM  and  N  SM  fibers, 
respectively.  The  splice  losses  were  also  measured 
with  OTDR  by  launching  optical  power  at  the  both 
ends  successively,  obtaining  2  values  at  each  splice 
point,  and  averaging  the  value  to  determine  the  splice 
loss.  It  is  found  that  the  splice  losses  for  hermetic 
fibers  are  identical  to  those  for  non-hermetic  fibers. 
The  average  splice  losses  were  0.043  and  0.051  dB  (N 
SM  fiber),  and  C.050  and  0.046  dB  (DS  SM  fiber)  for 
hermetic  fibers  and  non-hermetic  fibers,  respectively, 
which  verify  the  low-loss  splices  of  the  hermetic  fibers. 

Figure  11  shows  measured  mass-splice  loss  as  a 
parameter  of  the  environments  (indoor  or  in  the 
manhole).  No  significant  difference  was  found 
between  the  splice  losses  obtained  indoor  and  in 
manhole.  It  is  also  found  that  the  standard  deviation 
o  of  the  splice  loss  is  small  for  the  hermetic  fibers 
rather  man  non-hermetic  fibers.  This  suggests  that 
no  significant  problem  existed  in  the  mass-fusion 
splice  of  the  hermetic  fibers,  though  the  cleaning 
discharge  was  necessary. 
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In  the  splice,  fiber  number  identification  was  made 
by  the  local  detector,  which  allowed  to  detect  optical 
power  by  bending  the  fiber.  The  relative  received 
power  was  measured  with  changing  optical  loss,  which 
is  equivalent  to  the  fiber  length  from  optical  launching 
point.  The  result  is  shown  in  Fig.  12.  The  received 
power  for  the  hermetic  fibers  is  5.5  dB  smaller  than 
that  for  non-hermetic  fibers.  Nevertheless  a  dynamic 
range  of  20  dB  was  obtained  for  the  hermetic  fibers  in 
the  field. 

(3).  Optical  Loss  of  the  Links 

After  the  installations  and  splices  were  completed, 
eight  optical  links  were  obtained.  The  links  were 
constructed  so  as  to  have  four  types  of  combination  by 
selecting  hermetically  coated  (HC)  or  non- 


Fig.12  RECEIVED  POWER  IN  LOCAL 
DETECTION 


hermetically  coated  (NHC)  fibers,  and  dispersion- 
shifted  single-mode  (DS  SM)  or  normal  single-mode  (N 
SM)  fibers.  The  optical  losses  are  summarized  in 
Table  3.  The  optical  loss  of  the  hermetic  fibers  was 
about  5  %  larger  than  that  of  non-hermetic  fibers, 
resulting  mainly  from  the  fiber  loss. 

The  spectral  loss  was  measured  for  the  links  with  a 
monochrometer.  Typical  example  of  measured 
spectral  loss  of  the  hermetic  link  is  shown  in  Fig.  13, 
including  the  splice  losses.  The  loss  was  also 
measured  with  OTDR  at  1.3  pm,  and  this  coincided 
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Table3  Measured  Optical  Loss 


Link 

Fiber 

Joining 

Optical 

Loss 

(dB/km) 

Number/ 

Link 

Average 

Loss 

(dB/point) 

Length 

(km) 

HC/DS 

129.1 

Splice 

45 

Conn¬ 

ector 

1 

0.065 

0.24 

NHC/DS1 

0.066 

0.23 

NHC/DS2 

0.072 

0.23 

NHC/DS3 

0.050 

0.23 

HC/N 

44.9 

Splice 

16 

0.069 

0.38 

NHC/N1 

0.054 

0.36 

NHC/N2 

0.044 

0.36 

NHC/N3 

0.040 

0.35 

WAVELENGTH  (/am) 


Fig.13  OPTICAL  LOSS 

with  that  measured  with  the  monochrometer.  Lower- 
loss  regions  than  0.5  dB/km  are  obtained  around  1.3 
pm  and  1 .55pm,  as  shown  in  Fig  13. 

(4).  Optical  Loss  Stability 

Water  was  permeated  intentionally  into  the  closure 
in  the  cable  C  line,  as  shown  in  Fig.l,  and  the  optical 
losses  of  the  links  were  measured  7, 21, 49,  and  80  days 
after  the  permeation.  No  significant  loss  increase  was 
observed  for  the  data  obtained  within  49  days.  The 
optical  loss  of  the  non-hermetic  fiber  link  was  about 
several  tenths  larger  than  initial  value  at  1.39  pm 
after  80  days.  However,  the  loss  of  the  hermetic  link 
was  stable  even  after  80  days.  The  long-term  stability 


of  the  optical  loss  will  continue  to  be  evaluated  for  all 
the  links  of  cables  A  and  B,  as  well  as  cable  C 


IV.  Conclusion 

A  field  test  was  carried  out  for  evaluating  total 
performance  of  hermetic  fibers.  Three  cables 
containing  a  large  volume  of  hermetic  and  non- 
hermetic  fibers  were  manufactured,  installed  and 
examined.  The  hermetically  coated  fiber  cables  were 
found  to  have  much  higher  fatigue  resistance  and 
much  higher  stability  of  optical  loss  than  conventional 
fiber  cables,  and  equivalent  transmission 
characteristics  and  splice  efficiency  in  the  field.  It 
concludes  that  this  technology  can  be  introduced  into 
practical  networks,  resulting  in  the  construction  of 
highly-reliable  optical  network. 
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Abstract 

Two  applications  of  Polymer  Optical  Fiber  Cables 
are  described,  i.e.  automotive  and  inhouse 
systems.  Requirements,  system  designs  and 
components  are  described.  Characteristics  of  the 
Polymer  Optical  Cables  developed  for  these 
applications  are  presented  in  detail. 


1.  Introduction 

The  most  important  characteristics  of  Polymer 
Optical  Fibers  (POF)  are 

-  low  attenuation 

-  high  bandwidth 

-  light  weight 

-  high  flexibility 

-  simple  mounting  and  interconnection 
techniques 

-  immunity  against  electromagnetic 
interference 

-  elimination  of  electromagnetic  radiation 

-  galvanic  separation 

-  utilisation  of  low  cost  components  (LED, 
connector)  possible  in  POF-systems 

The  field  of  application  is  broad.  Here,  a  few 
practical  applications  shall  be  discussed 

-  automotive  LAN's 

-  intelligent  home. 

The  POF  system  and  cable  require  concepts  that  are 
specifically  suited  for  the  different 
applications. 


Z.  Automotive  Application 
2.1  Task  Description 

The  number  of  electrical  and  electronical 
functions  in  the  automobile  is  steadily 
increasing.  The  conventional  cabling  of  these 
systems  by  point-to-point  interconnections  is 
becoming  increasingly  unhandy  and  leads  to  spatial 
constrains  and  unwanted  weight.  Thus  it  has  to  be 
worked  on  novel  cabling  concepts  which  exhibit 
more  flexibility  (reduction  of  number  of  types) 
and  lower  weight.  Therefore  a  separation  of  power 
supply  and  data  transmission  is  necessary.  The 
data  transmission  system  then  shall  have  the  form 
of  a  Local  Area  Network  (LAN)  as  it  is  known  e.g. 
for  computer  interconnections.  Advantages  of  such 
a  system  are  a  reduced  harness,  improved  exchange 
of  data  for  better  functions  and  ease  of  diagnosis 
/I, 2/. 

Optical  fibers  can  advantageously  be  utilised  as 
transmission  medium  to  eliminate  problems  of 
electromagnetic  interference  from  sources  internal 
and  external  of  the  automobile  (e.g.  radio 
transmitters)  /3,4,5/. 


2.2  System  Design  Considerations 

When  considering  possible  network  topologies  for 
automotive  application,  those  containing  an  active 
central  station  should  be  avoided  for  reliability 
reasons.  Two  network  topologies  will  be  discussed 
in  the  following,  namely  the  bus  with  passive  taps 
and  the  passive  star. 

The  bus  with  passive  taps  is  common  in  electrical 
systems;  the  required  line  length  is  low;  the 
absence  of  active  stations  (in  the  sense  of 
repeaters)  increase  the  reliability;  on  the  other 
hand,  an  interruption  of  the  line  e.g.  by  an 
accident  may  lead  to  a  severe  distortion  of 
functionality. 

The  passive  star  contains  a  central  station,  which 
is,  however,  being  a  purely  passive  component, 
tolerable  from  the  standpoint  of  reliability.  The 
required  line  length  is  higher  than  in  the  case  of 
a  bus  structure;  on  the  other  hand,  an 
interruption  of  a  line  disconnects  only  one 
station  which  means  high  reliability. 
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Fig . 1  Design  consideration  for  network  topology 


Besides  the  above  considerations,  the  power  budget 
is  the  most  important  criterion  for  the  choice  of 
the  network  topology.  In  Fig.  1  the  maximum  loss 
between  two  stations  is  shown  in  dependence  of  the 
loss  of  the  components,  i.e.  connector  or  coupler. 
Fiber  attenuation  is  not  included  in  this  diagram. 
It  is  easily  seen  that  the  star  network  exhibits  a 
much  better  power  budget  than  the  bus  network; 
this  difference  increases  with  the  number  of 
stations.  Thus  the  star  network  is  the  most  common 
network  in  fiber  optic  systems  and  was  also 
adopted  for  our  system. 


2.3  Star  Couplers 

Two  kinds  of  star  couplers  will  be  described  in 
the  following,  namely  the  transmission  star 
coupler  and  the  multireflection  star  coupler. 

When  utilizing  POFs,  the  transmission  star  coupler 
usually  consists  of  a  mixing  rod  with  fibers 
connected  to  both  ends  (Fig.  2).  A  light  signal 
coupled  into  the  mixing  rod  from  any  of  the  fibers 
at  one  side  is  guided  in  the  mixing  rod  and 
distributed  equally  over  the  remote  side. 
Therefore  any  of  the  fibers  coupled  to  that  side 
receive  an  equal  part  of  the  signal.  When 
connecting  one  fiber  of  each  side  of  the  mixing 
rod  to  every  station,  each  station  can  communicate 
with  each  other.  The  fibers  coupled  to  the  mixing 
rod  are  densely  packed  to  avoid  losses.  The 
advantage  of  this  type  of  star  coupler  is  its 
relatively  low  loss,  the  disadvantages  are  the  use 
of  two  fibers  per  station  and  the  relatively  large 
size  of  the  coupler  due  to  minimum  bend  radii  of 
the  fibers. 

The  multireflection  star  coupler  (Fig.  2)  is  built 
up  similarly,  only  that  the  fibers  are  not  densely 
packed  and  the  surface  between  the  fiber  ends  is 


reflecting.  In  this  case  a  light  signal 
emerging  from  any  fiber  is  distributed  to  all 
fibers  at  both  ends  of  the  mixing  rod.  This  allows 
the  utilization  of  only  one  fiber  per  station, 
provided  that  a  3  dB-coupler  is  implemented  in 
each  station.  The  advantage  of  this  type  of 
coupler  is  its  small  size,  the  disadvantage  is  the 
higher  system  loss. 

Thus  the  transmission  star  coupler  should  be  used 
in  trucks,  where  space  does  not  pose  a  problem  but 
line  lengths  are  greater,  whereas  the 
multireflection  star  coupler  should  be  used  in 
passenger  cars. 


2.4  Light  source,  Receiver  and  Power  Budget 
LED  Characteristics 

As  a  light  source  we  use  a 
GaAlAs-Double-Heterostructure  LED  with  an  emission 
wavelength  of  about  650  nm.  The  LED  is  mounted  in 
an  hermetically  sealed  metal  housing  (Fig.  3)  in 
order  to  achieve  an  operation  temperature  range  of 
-40°C  to  +125°C  which  is  necessary  for  application 
in  automobiles.  For  high  coupling  efficiency  to 
the  POF  the  chip  is  mounted  in  a  reflector 
(produced  by  an  embossing  technique)  that  is 
located  in  close  proximity  to  the  glass  window  of 
the  housing  cap.  The  power  coupled  into  the  POF 
(diam.  1  mm,  NA  -  0.54)  is  shown  in  Fig.  3  in 
dependence  of  temperature.  These  devices  show  no 
degradation  over  6000  hrs  when  operated  at  150°C 
and  50  mA  cw. 


Multireflection  Starcoupler 


Fig.  2  Two  types  of  star  couplers 
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Fig.  3  Light  source,  receiver  circuit  and  power 
budget  for  automotive  POF  systems 


Receiver  circuit 

Another  important  component  of  an  optical  system 
is  the  receiver  circuit.  The  design  goals  of  our 
receiver  were 

-  sensitivity  of  -  42  dBm 

-  operating  temperature  range  -40°C  to  125°C 

-  baudrate  DC  -  2  Mbit/s 

-  bit-to-bit  dynamic  range  20  dB 

The  block  diagram  of  the  receiver  gate  array  is 
shown  in  Fig.  3.  It  was  produced  in  silicon 
bipolar  technology.  Fig.  3  shows  also  that  the 
design  goals  have  been  met. 

Power  Budget 

The  power  budget  of  the  whole  system  is  also  given 
in  Fig.  3.  There  are  three  sources  of  loss,  namely 
the  starcoupler,  the  connectors  (there  are  only 
two  optical  connectors  between  any  two  stations) 
and  the  fiber.  The  system  was  designed  for  a  line 
length  of  15  m,  thus  the  maximum  length  between 
two  stations  is  30  m.  As  the  operating  temperature 
range  of  the  fiber  should  be  -  40°C  to  +  125°C,  a 
relatively  high  loss  of  0.4  dB/m  has  to  be 
accepted.  Taking  into  account  the  output  power  of 
the  LED  and  the  sensivity  of  the  receiver  as  given 
above,  one  arrives  at  the  system  margin  depicted 
on  the  lower  part  of  Fig.  3.  It  shows  that  the 
system  can  be  safely  operated  in  the  whole 
temperature  range  of  -  40°C  to  +  125°C. 


2.5  Polymer  Optical  Fiber  Cables 

The  most  important  requirements  for  POF  cables  in 
automotive  application  are 

-  extreme  temperature  range  -  40°C  to  125°C 

-  small  size 

-  high  mechanical  stability 

-  immunity  against  typical  automotive 
chemicals. 

These  aspects  lead  to  a  requirement  profile  for 
the  cables  and  harnesses.  The  next  step  is  the 
definition  of  specifications  including  test 
procedures. 

The  mobile  LAN  may  require  two  types  of  POF  cables 

-  pure  data  transmission  cables 

-  mixed  data/energy  transmission  cables 

Therefore  the  following  POF  cable  types  have  been 
realized  (Fig.  4) 

-  cable  with  1  POF 

-  cable  with  2  POF 

-  round  hybrid  cable  (2  POF,  3  copper  wires) 

-  flat  hybrid  cable  (2  POF,  3  copper  wires) 


Fig.  4  Family  of  POF-cables  with  and  without 
copper  wires 
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The  test  procedures  can  be  classified  in  three 
groups.  The  measurements  of  mechanical 
characteristics  simulate  the  handling  of  the 
harness  during  car  manufacturing  and  the  stress 
during  utilisation  (e.g.  door  open,  door  closed). 
Testing  the  optical  transmission  characteristics 
e.g.  under  mechanical  and  temperature  stress 
allows  a  judgement  on  functional  ability.  Long 
term  tests  finally  judge  the  aspect  of  degradation 
of  the  cables. 

The  test  methods  and  the  results  for  the  different 
cable  types  are  shown  in  Fig.  5. 


2.6  Economical  Aspects 

The  above  described  developments  and  achieved 
results  show  that  all  components  for  an  optical 
transmission  system  based  on  star  couplers  are 
available  for  practical  application  tests.  The 
technical  advantage  is  obviously.  The  optical 
system  offers  larger  bandwidths,  this  means  higher 
comfort  in  application,  is  immune  again 
electromagnetic  interference,  this  means  no  from 
outside  induced  distortion.  Moreover  tne  system  is 
in  total  much  smaller  and  lighter  than  the 
conventional  copper  harness.  In  the  case  of 
service,  a  star  coupler  system  with  central 
supervision  possibilities  facilitates  and 
therefore  reduces  cost  in  trouble  shooting  and 
repair. 

But  as  all  those  advantages  cannot  be  judged 
quantitatively,  the  only  way  to  the  market  is  the 
price.  Even  if  the  connectors,  transmitter,  and 
receiver  for  POF  are  much  cheaper  than  for  silica 
fibers,  those  systems  cannot  reach  the  existing 
prices  for  copper  cable  harnesses.  The  price  for 
those  POF  systems  with  the  price  of  today  almost 
reach  1000  DM  were  the  copper  system  costs  a  100 
DM.  The  necessary  price  reduction  could  perhaps 
arise  from  larger  quantities  in  other  areas  of 
application,  for  example  "Inhouse  application". 


3.  Inhouse  Application 


3.1  Task  Description 

The  need  for  transmission  of  information  in  office 
buildings  and  private  homes  for  communication  and 
for  controlling  of  appliances  has  become 
increasingly  important  during  the  last  years. 

No  single  wire-based  media  is  able  to  support  the 
whole  range  of  application  in  the  home  while  at 
the  same  time  satisfying  the  additional  user 
requirements  in  the  areas  of  cost,  ease  of 
installation,  etc. 

The  recent  developments  in  Polymer  Optical  Fiber 
technology  offers  the  possiblity  for  achieving  all 
these  user  requirements  in  the  home,  except  those 
demanding  wireless  operation  (infra-red  remote 
control,  etc.). 


Due  to  the  high  bandwidth,  POF  is  able  to  transmit 
digital  data  from  a  very  low  bit  rate  up  to 
several  MBit/s.  Also  it  is  able  to  transmit  audio 
and  video  signals  (CD-Player,  CATV,  etc). 


3.2  Systen  design  considerations 

The  topology  of  a  home  system  determines  the 
requirements  for  the  logical  and  physical 
connections  of  the  equipment  to  the  network.  In 
this  chapter  three  network  topologies  to  create  a 
home  system  network  are  described  and  compared. 


Ring  Networks 

Figure  6a  shows  a  ring  configuration.  This  type  of 
network  is  the  most  commonly  used  in  local  area 
networks.  Essentially,  it  consists  of  a  number  of 
simple  point-to-point  links  with  regeneration  at 
each  node,  thus  it  is  not  necessary  to  have  taps 
in  the  system.  Due  to  the  unidirectionality  of  the 
regenerators  the  information  flows  in  a  single 
direction  around  the  ring. 


t - H*  ft 


i  t - H» 


c)  Bus 


Fig.  6  Network  topologies 
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Performance 

Method 

optical  attenuation 

1)  Automotive 
Application 

2)  Costumer  Remisses 
Application 

cut-back -method 
(10m/2m) 

increase  in  optical 
attenuation  during 
bending 

test  mandrel  radius  r, 
length  of  the  sample 

1  =  10m; 

test  duration  1h; 

increase  in  optical 
attenuation  during 
temperature  cycling 

climatic  chamber 

(Tmax,Tmin); 

length  of  the  sample 

1  =10m; 

temperature  cycle- 
-40°C  <T<110  °C 

increase  in  optical 
attenuation  during 
tensile  performance 

continuous  increase 
of  the  tensile  load, 
length  of  the  sample 

1  =  25m 

increase  in  optical 
attenuation  during 
crush  test 

continuous  increase 
of  compressive  load 
length  of  the  sample 
l  =10m 

twist  test 

torsion  cydes  until 
sample  damaged 

torsion  angle  ♦90<IC; 
cycle  duration 

2-30sec 

repeated  bending 

torsion  cycles  until 
sample  damaged 

mandrel  radius- 15mm - 
30mm,  berding 
frequency-5  -60min. 

low  temperature 
cable  bending 

torsion  cycles  until 
sample  damaged 
test 

temperature  -40°  C 
temperature  ageing: 
105°C/2days 

cable  tensile 
strength 

tensile  strength  / 
strain  of  the  sample 

P0FC1  P0FC2  POFHF 


<400dB/km<400dB/km 


650nm 
LED  > 
3=(P 


Powermeter 

-P 


<0.05dB  <0.05dB  <0.05dB  <0.05dB 
r=30mm  r=30mm  r=40mm  r=30mm 


<005dB/m|<005dB/m  I  <0D5dB/m  |<0.05dB/m 


<0.02dB/m  <0.C2dB/m 
Fmox  =  Fmax  - 

400 N  1000 N 


<0.05dB  <0.05dB  <0-05dB 

Fmax  s  Fmax  =  Fmox  = 
50N/cm  150N/cm  150N/cm  200N/cm 


>  30000  >30000 

T=1s  T  =2s 
I  =  30mm  I  =  50mm 


>20  000 
T=  2s 
I  =50mm 


>  10000  >10000  10000  10000 
T=  Is  T=  Is  T=1s  T  =  Is 
r=20mm  r=  20mm  r=20mm  r=20mm 


>3000  >3000  >3000  >3000 


1000N  1000N 

2%  2% 
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This  is  a  relatively  inexpensive  approach, 
however,  unless  some  optical  bypasses  are  included 
in  each  node,  it  is  necessary  to  have  all  the 
nodes  active  all  the  time. 

Information  fed  into  the  network  passes  through 
all  the  nodes  therefore  a  number  of  transmission 
channels  must  be  provided  between  all  nodes  (which 
in  turn  leads  to  a  very  high  bandwidth  if  for 
example  upto  30  TV  channels  are  needed),  these  may 
be  provided  either  by  wavelength  division 
multiplexing,  time  division  multiplexing,  or  space 
division  multiplexing.  All  these  methods  have  a 
large  cost  associated  with  them.  Moreover  the 
ability  of  POF  for  those  operational  usage  is 
limited. 


Star  Networks 

Figure  6  b  shows  a  star  configuration.  In  contrast 
to  the  ring  network  this  type  has  a  separate  link 
for  every  node  on  the  system.  This  therefore 
implies  that  such  a  system  requires  considerably 
more  fiber  and  has  associated  installation 
problems.  The  advantage  of  such  a  system  is  in 
terms  of  reliability  and  availability  of  service 
to  the  connected  devices,  however  a  star  centre 
failure  can  be  a  major  problem  which  may  require 
the  use  of  high-reliability  design  techniques  and 
uninterruptible  power  supplies. 

If  the  splitting  at  the  star  centre  is  done  at  the 
electrical  interface  feeding  into  multiple  LEDs 
there  is  no  requirement  for  expensive  optical 
splitters,  in  addition  the  interface  to  the 
connected  devices  are  simpler  and  cheap  as  only 
point  to  point  links  are  needed. 


Bus  Networks 

Figure  6  c  shows  a  bus  configuration,  this  is  a 
broadcast  medium  such  that  a  signal  transmitted  by 
any  one  device  is  made  available  to  all  others. 
The  simplest  method  of  implementation  is  to  allow 
one  transmitting  device  to  send  to  all  others 
through  a  distributor  coupler. 

In  such  a  topology  it  is  difficult  to  expand  the 
network  unless  the  distributor  is  oversized  at  the 
beginning  (i..e.  having  spare  ports), 
alternatively  an  additional  coupler  could  be  added 
in  series  with  the  previous  one,  however,  the 
power  budget  has  to  be  well  sized. 

Because  the  optical  power  is  evenly  split  by  the 
distributors  it  often  becomes  very  low  in  level 
and  necessitates  the  use  of  amplifiers  or 
repeaters.  In  addition  light  power  is  lost  at  the 
connection  points  which  roust  use  some  form  of 
power  splitting  by  optical  means. 


Conclusion 

In  our  opinion  the  most  appropriate  topology  for  a 
fiber  optic  home  network  would  be  an  active  star 


topology  with  point  to  point  links.  In  such  a 
network  the  links  are  simple  point-to-point  and 
there  is  no  need  for  expensive  components  such  as 
splitters  etc.  (if  the  splitting  is  done  at  the 
electrical  interface).  One  possible  inhouse  system 
is  shown  in  Fig.  7. 


Fig.  7  POF  in  customer  premises  applications 


This  chapter  has  described  some  basic 
considerations  for  optical  fiber  networks.  In 
order  to  proceed  further  it  is  necessary  to 
develop  a  specification  for  the  requirements  of  an 
optical  fiber  network  and  then  to  look  at  various 
system  design  options  for  its  implementation.  This 
will  lead  to  a  better  understanding  of  the 
topology  issues.  Relow  is  a  start  for  such  a 
specification  based  on  the  distribution  of 
audio/video  systems,  this  needs  to  be  discussed 
and  added  to: 

-  Size:  100  -  200  meters 

-  DIY  (Do  It  Yourself) 

-  Connections  for  22  units,  40  outlets 

-  Up  to  30  TV  channels  of  8  MHz 

-  VHF/UHF  coverage  (40-860  MHz) 

-  Single  connector  type  for  all  units 

-  Control  channel  available  to  all  units 

-  Low  cost  (<60  US  S/point-to-point  link) 

-  Acceptable  picture  quality  (S/N  50-70dB)g 

-  For  control  channel  BER  better  than  10 
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Fig.  8  Tests  and  Results  for  POF-Cable  Type  C2 
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3.3  Polyier  Optical  Fiber  Cables 

The  most  important  requirements  for  POF  cables  in 
inhouse  application  are 

-  low  attenuation 

-  small  size 

-  long  lifetime 

-  free  of  halogen 

-  Do-It-Yourself  potential 

In  contrast  to  mobile  applications  the 
requirements  concerning  mechanical  stability  and 
broad  temperature  range  are  less  stringent.  This 
leads  to  the  selection  of  different  materials  as 
compared  to  cables  for  automotive  applications. 
The  test  procedures  and  the  results  are  shown  in 
Figs.  8. 


3.4  Economical  aspects 

On  the  way  to  less  energy  consumption  together 
with  increase  in  service  comfort,  steering 
problems  arise  in  the  household  area-private  and 
commercial.  Up  to  now  no  acceptable  concept  based 
on  copper  wires  are  available.  This  means  that  a 
POF  system  could  offer  new  possibilities.  Any 
price  comparison  is  difficult,  sometimes 
impossible. 

Here  the  price  of  the  POF  system  will  be  compared 
to  the  cost  reduction  by  energy  savings,  and  an 
extra  fee  will  be  paid  for  more  comfort.  A  10  % 
energy  saving  over  5  years  gives  for  a  normal  4 
person  household  a  possible  invest  -  including 
installation  by  DIY  -  in  the  range  of  1000  DM. 
This  means  that  here  the  break  even  point  for  the 
price  will  be  higher  but  a  lot  of  design  features 
must  be  considered. 


4.  Future  Trends 

Optical  fiber  cables  were  first  introduced  to  the 
market  in  the  second  half  of  the  1960s.  In  these 
early  days  their  application  was  limited  to  simple 
displays  and  lightguides  because  of  their  high 
transmission  losses  and  the  lack  of  suitable 
opto-electronical  devices. 

.But  leaded  by  Japan,  the  POF  underwent  a  rapid 
development  in  the  recent  years.  With  the 
reduction  of  the  transmission  loss  down  to  150 
dB/km  POF  became  very  attractive  for  the 
application  in  optical  communication  systems. 

There  are  mainly  three  fields  in  which  present-day 
research  concentrates  for  further  improvement  of 
POF  characteristics 

-  attenuation 

-  bandwidth 

-  high  temperature  stability 

In  automotive  application  the  main  concern  is  the 
limited  temperature  range  of  standard  POF. 


However,  modified  production  techniques  or  new 
materials  /6/  have  extended  the  usable  range  from 
85  °C  to  almost  125°C  which  is  sufficient  for  most 
applications.  For  inhouse  applications  one  would 
like  to  have  POF  with  lower  attenuation.  Very 
promising  work  is  reported  on  new  fluorinated 
materials  /7/  which  could  bring  down  attenuation 
by  an  order  of  magnitude.  Very  recently,  the  first 
production  of  a  graded  index  POF  was  reported  /8/, 
that  also  exhibits  low  attenuation.  These  results 
may  open  wide  new  markets  for  POF  systems. 
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ABSTRACT 

The  use  of  compact  high-Tc  superconducting  power 
cable  holds  gre,.t  promise  in  the  densely  packed 
underground  spaces  of  large  cities.  One  important 
parameter  in  the  design  of  high-Tc  superconducting 
power  cables  is  the  AC  loss  associated  with  AC 
applications.  We  determined  the  magnetization 
curves  by  the  AC  magnetization  method  to 
quantitatively  evaluate  the  AC  loss  in  high-Tc 
superconducting  bulk  and  wire  samples.  In  the 
region  of  small  applied  maximum  fields,  the  AC  loss 
increased  in  proportion  to  the  third  power  of  the 
applied  maximum  field  as  indicated  by  the  Bean 
model.  Using  a  new  approach  based  on  the  Bean 
model,  we  developed  a  conceptual  design  for  a 
compact  high-Tc  superconducting  power  cable  that 
could  be  installed  in  existing  cable  ducts  ( 150  mm 
in  diameter).  It  was  found  that  the  use  of  such 
cables  permits  a  reduction  of  transmission  costs 
compared  to  conventional  cables. 

1.  INTRODUCTION 


expansion  of  underground  power  transmission  cables. 

If  compact  large-capacity  cables  can  be  fitted 
into  existing  cable  ducts  and  tunnels  without  new 
construction,  transmission  costs  can  be  reduced  to  a 
large  extent. 

Based  on  this  premise,  this  paper  aims  to 
establish  a  future  model  system,  assuming  that  the 
demand  for  electric  power  is  double  the  demand 
served  by  the  present  underground  transmission  cable 
systems  in  large  cities.  To  apply  to  this  model 
system,  a  conceptual  design  for  compact  high-Tc 
superconducting  power  cables  (66  KV  1000  MVA/cet  and 
600  MVA/cct)  were  implemented  using  the  Bean  model 
and  their  required  critical  current  density  (Jc)  was 
determined.  Hysteresis  curves  were  measured  for 
yttrium  based  and  bismuth  based  silver-sheathed  wires 
by  the  AC  magnetization  method  and  the  validity  of 
the  Bean  model  was  studied. 


2.  APPLICATION  PATTERN  FOR  HIGH-Tc  SUPERCONDUCTING 
CABLE 


If  high-Tc  superconducting  power  cables  can  be 
put  to  practical  use,  their  refrigeration  and  heat- 
insulation  structures  will  be  remarkably  simpler  and 
more  compact  than  those  of  metal  superconducting 
power  cables.  In  addition,  the  required  costs  can 
be  cut,  and  the  economical  break-even  power 
transmission  capacity  can  probably  be  reduced  to 
below  a  few  GW. * 

Spurred  by  these  possibilities,  various 
laboratories  have  tried  to  develop  conceptual 
designs  for  high-Tc  superconducting  power  cables. 
These  cables  have  been  designed  by  considering  only 
the  surface  current  with  a  minimum  AC  loss  on  the 
assumption  that  the  value  of  lower  critical  field 
( Ho  1 )  is  around  1000  G,  which  is  about  the  same  as 
for  Nb,  Nb3Sn,  and  other  metal  superconductors. 
However,  recent  reports  have  revealed  that  high-Tc 
superconductors  have  lower  critical  fields  of  less 
than  100  G,  which  is  one  order  of  magnitude  smeller 
than  those  of  metal  superconductors.  If  a  cable  is 
designed  with  the  surface-current  technique  based  on 
this  finding,  the  cable  will  have  a  substantially 
large  outside  diameter  of  1  m  or  more. 

To  solve  this  problem,  a  method  for  designing 
compact  high-Tc  superconducting  power  cables  using 
the  Bean  model  was  developed. 

Given  the  present-,day  situation  surrounding 
eleotric  power  systems,  the  demand  for  electric 
power  is  expected  to  grow  steadily  particularly  in 
large  cities.  This  will  increasingly  require 


2.1  Concept  of  Application  Pattern 

If  demand  for  electric  power  will  continue  to 
increase  by  2.5J  a  year  in  the  future,  the  power 
transmission  system  30  year  hence  will  have  to  have 
double  its  present  capacity.  However,  if  underground 
cables  are  constructed,  difficulties  will  be 
encountered  in  finding  additional  underground  space 
for  new  cable  ducts  and  tunnels  to  meet  this  demand. 

If  a  high-Tc  superconductor  can  be  used  for  cable 
materials,  its  refrigeration  and  heat-insulation  will 
be  simpler  than  those  required  for  conventional  metal 
superconducting  cables  which  are  cooled  with  liquid 
helium.  In  addition,  the  greater  dielectric  strength 
of  liquid  nitrogen  than  that  of  liquid  helium  will 
reduce  the  insulation  thickness  of  the  cable. 

Therefore,  it  is  feasible  to  make  a  cable  with  a 
small  outside  diameter  in  spite  of  large  capacity. 
This  means  that  present-day  cables  could  be  replaced 
by  large-power  superconducting  ones  using  existing 
ducts  and  cable  tunnels.  In  short,  the  high-Tc 
superconducting  cable  is  expected  to  promise  cost 
reduction  for  underground  cable  construction  and 
efficient  utilization  of  underground  space  for  urban 
development. 

2.2  Future  Model  System 

The  model  of  the  present-day  power  system,  which 
forms  the  basis  for  the  present  study,  is  shown  in 
Fig.  1  (a). 

Based  on  this  system,  a  model  of  the  future  system 
is  shown  in  Fig.  1  (b)  and  (c).  Normal-conductor 


International  Wire  &  Cable  Symposium  Proceedings  1990  513 


cable  systems  with  internal  cooling  have  an  outside 
diameter  of  about  150  mm  or  more  and  require  new 
construction  of  more  cable  tunnels  and  ducts  below 
substations  Bi  and  B2  to  meet  double  the  present-day 
power  demand. 

On  the  other  hand,  if  a  high-Tc  superconducting 
cable  with  double  the  power  transmission  capacity  of 
present-day  cable  systems  could  be  fitted  into 
existing  cable  ducts  and  cable  tunnels,  construction 
costs  would  be  reduced  significantly. 

Furthermore,  a  high-Tc  superconducting  cable  has  a 
greatly  reduced  power  loss  compared  to  conventional 
cables  and  can  carry  very  large  current  so  that  low- 
voltage  power  transmission  becomes  possible.  This 
would  permit  uniform  voltage  distribution  at  low 
levels  (e.g.,  66  kV),  which  would  achieve  significant 
cost  reduction  by  eliminating  primary  substations. 


900MVA/3cct 


(Legend) 

vrrr777\  Overhead  cable 
of  500, 275  kV 

Underground 
cable  oT27SkV 

Underground 
cable  of (50  kV 

Cable  capacity 


(b)  High  Tc  superconducting  cable  system  (c>  Normal  conductor  cable  system 
(The  superconductor  is  used  in  sections 
ABC.) 


Fig.  1.  Model  Systems 


T.  DESIGN  OF  COMPACT  HIGH-TC  SUPERCONDUCTING  CABLE 
BY  USING  BEAN  MODEL 

T.1  Surface  Current  Density  and  Conductor  Diameter. 

In  conventional  superconducting  cable  designs, 
the  surface  current  density  concept  has  been  used. 
Surface  current  density  is  expressed  as  the  amperage 
of  current  flowing  in  the  unit  width  of  the 
circumference  of  a  cylindrical  conductor.  For  a 
superconducting  cable  cooled  with  liquid  helium,  the 
surface  current  density  was  designed  so  that  the 
magnetic  self  field  at  the  conductor  surface  did  not 
exceed  the  superconductor  lowei  critical  field  Hci. 
When  the  field  applied  to  the  conductor  is  equal  to 
the  lower  critical  field,  the  surface  current 
density  is  given  by  Eq.  (1). 


Is  (A/cm)  =  - — —  Hcl  (Oe) 

2v2tt 


(1) 


As  a  result,  the  superconducting  tape  is  in  a 
perfect  Meissner  state  and  the  AC  loss  in  it 
negligibly  small.  This  was  justified  by  the 
necessity  to  minimize  heat  generation  from  the 
conductor. 

In  a  cable  design  based  on  surface  current,  the 
minimum  conductor  diameter  D  is  derived  from  the 
power  transmission  current  I,  as  shown  in  Eq.  (2). 


At  equal  power  transmission  currents,  the  greater 
the  surface  current  densit/,  the  smaller  the 
conductor  diameter  can  be  made.  However,  as  is 
clear  from  Eq.  (1),  the  surface  current  density  is 
restricted  by  a  physical  value  that  is  inherent  to 
the  superconductor  called  the  lower  critical  field. 

Table  1  shows  the  critical  temperatures  and 
fields  for  the  main  superconductors.  High-Tc 
superconductors  have  exceptionally  high  upper 
critical  fields  Hc2,  and  are  promising  for  use  in 
magnets  and  other  high-field  applications.  However, 
although  the  values  of  Hci  vary  from  one  high-Tc 
superconductor  to  another,''®  they  are  significantly 
smaller  than  those  of  metal  superconductors. 

Table  2  shows  the  surface-current  values  for 
various  superconductors  and  the  minimum  conductor 
diameters  required  for  a  power  transmission  current 
of  10000  A.  For  metal  superconductors,  the  minimum 
conductor  diameter  is  less  than  10  cm.  Moreover,  for 
high-Tc  superconductors,  the  minimum  conductor 
diameter  is  up  to  1  m,  which  prohibits  fabrication  in 
cable  form.  For  this  reaso.i,  the  conductor  diameter 
must  be  reduced  by  conducting  the  current  both  on  the 
conductor  surface  and  in  it.  In  other  words,  high-Tc 
superconducting  wire  should  be  used  in  the  region  of 
Hci  to  Hc2-  However,  if  this  is  done,  conductor 
losses  due  to  the  penetration  of  field  will  occur. 
Consequently,  quantitative  evaluation  of  AC  losses  in 
hlgh-Tc  superconducting  wire  is  a  new  technical 
challenge. 


Table  1.  Critical  Temperature  and  Field  for  Main 
Superconductors 


Superconductors 

TC(K) 

Hcl  (Oc) 

11,2  <T> 

11,2  //■ 

",2  -L 

Nh 

9.1 

800-1000 

0.19 

1 

Mctnl 

NbT, 

9.8 

700 • 900 

15 

1 

nm  s„ 

18.2 

600-700 

29 

1 

Y  Ba2  CU3  (>7  „ 

93 

52-120 

150* 

■10 

Oxide 

B.2  S,2  C  Ort  O* 

no 

6  200 

■ 

•30 

l  C*  O* 

125 

150 

■ 

-40 

•  Estimated  values 


Table  2.  Surface  Current  and  Minimum 

Conductor  Diameter  (for  10000  A) 


Superconductor 

Surface  current 
(A/cni) 

Minimum  conductor 
diameter  (cm) 

Nb 

4500,563 

5.7  to  7. 1 

NbiS„ 

338  to  394 

8.1  to  9.4 

Y  11,2  C„,  O, 

29  to  07 

47.5  to  109  8 
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3.2  AC  Loss  Evaluation  using  Bean  Model 

Conventional  methods  for  measuring  AC  loss  with 
sufficient  accuracy  and  sensitivity  involve  either 
measuring  magnetization  in  the  wire  by  applying 
static  or  quasi-static  fields  to  it  (e.g.,  by  means 
of  a  SQUID  susceptometer) ,  or  measuring  the  voltage 
developed  in  the  wire  when  a  known  AC  current  is 
applied.  With  the  former  method,  however,  the  eddy 
current  generated  in  the  stabilized  metal  portion  of 
the  wire  cannot  be  measured,  and  the  effect  of  flux 
creep  tends  to  cause  the  results  of  measurement  to 
vary  substantially  with  the  application  of  different 


-.2  .2 


Fig.  2.  Magnetization  Curves  for  Y-based 
Superconducting  Bulk  (77  K) 


field  frequencies.  With  the  latter  method,  because 
the  critical  current  density  of  samples  is  still  low, 
the  self-field  generated  is  substantially  smaller 
than  the  field  applied  to  the  wire  during  cable 
operation. 

To  solve  these  problems,  we  measured  the  AC  loss 
actually  developed  when  the  high-Tc  superconducting 
wire  was  exposed  to  an  AC  field  of  the  commercial 
frequency  (50  Hz).  More  specifically,  the  AC  field 
was  applied  to  short  samples  of  high-Tc 
superconducting  wire,  and  the  AC  loss  was  determined 
from  the  area  surrounded  by  the  resulting 


Fig,  1).  AC  Loss  in  Y-based  Silver-Sheathed  Tape 


o 

u 
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Applied  maximum  field  Hm  (T) 


Fig.  3.  AC  Loss  in  Y-based  Superconducting  Bulk  Fig.  5.  AC  Loss  in  Bi-based  Silver-Sheathed  Tape 
(77  K)  (77  K) 
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magnetization  curves^  (this  method  is  hereinafter 
referred  to  as  the  AC  magnetization  method)  to 
perform  quantitative  evaluation  of  the  \  loss. 

Fig.  2  shows  the  magnetization  >  es  for  a 
YBa2Cu307_x  sintered  bulk  sample  (5  r*  ide  x  2mm 
thick  x  25  mm  long).  The  surface  fie^d  Hp  obtained 
when  the  field  reaches  the  center  of  the 
superconductor  (i.e.,  when  the  absolute  value  of 
magnetization  reaches  its  maximum)  is  approximately 
0.012  T.  Fig.  3  shows  the  AC  loss  vs.  the  applied 
maximum  field  for  the  sample. 

Figs.  4  and  5  show  the  AC  loss  vs.  the  applied 
maximum  field  for  silver-sheathed  tapes  of 
YBa2Cu307_x  (5  mm  wide  x  0.2  mm  thick  x  30  mm  long) 
and  Bi2Sr2CaCu20x  (3  mm  wide  x  0.17  mm  thick  x  30  mm 
long),  respectively.  The  value  of  lip  for  the  two 
samples  was  approximately  0.020  T  and  0.017  T, 
respectively. 

The  critical  density  of  Bi-base  Ag  sheathed  tape  by 
4  probe  method  was  8xlCP  A/cm2. 

As  is  clear  from  Figs.  3,  4,  and  5,  the  AC  loss 
is  proportional  to  the  third  power  of  the  applied 
maximum  field  Ilm  in  the  range  below  Hp.  The  AC  loss 
also  shows  a  tendency  toward  approximating  a 
straight  line  proportional  to  the  first  power  of  Hm 
in  the  range  of  Hp  <S  Hm.  These  characteristics 
agree  well  with  the  field  dependency  of  the  AC  loss 
determined  by  the  Bean  model. 

The  silver-sheathed  wire  incurs  eddy  current  loss 
in  addition  to  the  hysteresis  loss  induced  in  the 
superconductor.  The  AC  losses  determined  by  the  AC 
magnetization  method  shown  in  Figs  4  and  5  include 
the  eddy  current  loss.  However,  the  finding  that  the 
AC  loss  curves  for  the  silver-sheathed  tape  in  Fig.  5 
have  a  similar  shape  to  that  of  the  bulk  sample  in 
Fig.  3  suggests  that  the  eddy  current  loss  is  much 
smaller  than  the  hysteresis  loss  as  in  the  case  of 
metal  superconductors,  under  operating  conditions 
with  magnetic  fields  of  0.2  T  and  a  frequency  of  50 
Hz. 

As  a  result  of  the  above  AC  loss  measurements,  we 
decided  to  adopt  the  assumption  that  the  AC  losses 
developed  in  superconducting  wires  could  be  ignored 
as  insignificant  except  for  the  hysteresis  loss,  and 
that  the  hysteresis  loss  could  be  roughly  evaluated 
by  the  Bean  model. 

The  Bean  model10  is  one  of  the  models  providing 
the  field  and  current  density  distribution  in  a 
superconductor  required  for  calculation  of  the 
hysteresis  loss.  Fig.  6  shows  the  field  and  current 
density  distribution  based  on  the  Bean  model. 


II 


Fig.  6.  Fieid  and  Current  Density  Distribution 

Based  on  Bean  Model  (when  superconducting 
infinite  plate  placed  in  external  field) 


According  to  the  Bean  model,  the  hysteresis  loss 
Wh  (J/nP-cycle)  for  a  sheet  superconductor  is  given 
by  Eq.  (7): 


llmgllp  Wh=  -Sflg  .—»■»*  (7) 

3  Jc  *  d 

The  critical  current  density  estimated  by  this 
formura  and  Fig.  3-Fig.  5  is  one  to  two  order  higher 
than  those  by  4  probe  method,  which  is  supposed  to 
be  due  to  the  fact  that  shield  current  is  much 
larger  than  transport  current. 

Further,  according  to  the  Bean  model,  the 
hysteresis  loss  for  a  cylindrical  superconducting 
conductor  is  given  by  Eq.  (8): 


Wc 


4v/2 no  £ 

3  Jc  •  Pe2 


(8) 


where  Pe  is  the  perimeter  of  the  conductor  and 
fis  the  frequency. 


3.3  Conceptual  Design  Method  of  High-Tc 
Superconducting  Cable 

Fig.  7  shows  the  conceptual  design  flow  chart  for 
a  high-Tc  superconducting  cable.  First,  the  rated 
capacity,  rated  voltage,  critical  current  density, 
and  diameter  of  the  small  coolant  pipes  inside 
conductor  are  input  as  parameters  to  determine  the 
individual  cable  sizes.  After  the  cable  size  has 
been  determined,  the  conductor  loss,  dielectric 
loss,  and  penetration  heat  are  calculated.  In  this 
paper,  the  conductor  loss  is  calculated  on  the  basis 
of  the  Bean  model  using  Eq.  (8).  In  this  equation, 
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Fig.  7.  Conceptual  Design  Flow  Chart  for  High-Tc 
Superconducting  Power  Cable 


516  International  Wire  &  Cable  Symposium  Proceedings  1990 


the  value  of  Jc  was  set  to  the  transport  current 
density,  assuming  that  the  transport  current  density 
would  equal  the  shield  current  density  because  of 
future  improvements  in  wire  fabrication  techniques. 
The  mass  flow  rate  M  of  the  coolant  required  to 
remove  the  heat  mentioned  above  depends  on  the 
cooling  distance,  quantity  of  heat  to  be  removed, 
specific  heat  of  the  coolant,  and  coolant 
temperature  rise  T.  This  paper  assumes  that  the 
critical  temperature  of  the  high-Tc  superconducting 
cable  will  be  around  90K  and  that  the  cable  will 
operate  at  65K  to  80K.  Based  on  this  assumption, 
the  value  of  M  was  increased  until  T  fell  below  15K, 
and  then  the  pressure  loss  required  for  the  coolant 
to  circulate  was  determined.  The  heat  transfer 
between  the  "go"  and  "return"  flows  was  ignored  as 
safety  calculation  because  it  reduced  the 
temperature  difference  between  them  and  restricted 
the  temperature  rise  at  outlet.  In  addition,  since 
the  coolant  pressure  was  assumed  to  be  10  to  20  atm 
during  cable  operation,  the  diameter  of  coolant  pipe 
and  heat-insulation  tube  was  increased  so  that  the 
pressure  loss  was  reduced  to  less  than  10  atm  over 
the  entire  cooled  length  of  2.5  km  for  both  feeding 
and  returning.  The  channel  for  returning  coolant  was 
designed  so  that  the  pressure  loss  in  it  was  almost 
equal  to  that  in  the  coolant  pipe. 


Inner  corrugated 
»UinUu»U«l  pipe 

Skid  wire 


Electrical  ineutation 
layer 


A  n  tlco  r  roalo  n  layer 
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(a)  AC  Flexible  High-Tc  Superconducting  Cable  Concept 


-  100pm  ^1 
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LN*R«turn  Heat Inaulallon  layer 
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(alabitixing  material) 


(b)  Structure  of  H  igh-Tc  Superconducting  Tape 

Fig.  8.  Structure  of  High-Tc  Superconducting  Cable 


3.4  Conceptual  Design  of  Compact  High-Tc 
Superconducting  Power  Cable  and  Required  Jc 

Fig.  8  shows  the  structure  of  the  high-Tc 
superconducting  power  cable.11  To  reduce  the  cable 
size,  the  cable  was  composed  of  three  cable  cores 
enclosed  in  a  heat-insulating  tube  as  shown  in  Fig.  8 
(a).  A  former  in  each  cable  core  formed  an  cooling 
channel  for  liquid  nitrogen  and  high-Tc 
superconducting  tapes  were  wound  around  its  outer 
layer  to  conduct  electric  current.  To  make  the  cable 
flexible,  the  superconducting  layer  was  sandwiched 
between  a  stabilizing  copper  layer  and  a  reinforcing 
stainless-steel  layer  in  the  form  of  a  tape  as  shown 
in  Fig.  8  (b).  Superconducting  layer  side  of  copper 
layer  should  be  coated  by  silver  for  the  chemical 
stability.  Liquid  nitrogen  impregnated  semi¬ 
synthetic  paper  with  a  high  dielectric  strength  was 
used  as  insulation. 12  The  outer  layer  of  each  core 
had  an  external  high-Tc  superconducting  conductor  to 
shield  against  magnetic  flux  induced  by  the 
transmission  current. 

The  heat-insulation  tube  enclosed  the  three  cable 
cores  and  a  coolant  return  channel  and  consisted  of 
stainless-steel  corrugated  pipes  and  heat-insulation 
material  (superinsulation,  etc.). 

The  results  are  shown  in  Table  3-  The  pressure 
loss  P  reaches  367  atm/2.5  Km  at  Jc  =  1  x  ICPA/cm  . 
The  pressure  loss  decreases  to  10.9  atm/2.5  Km  at 
Jc=  1  x  1CrA/cm2  because  the  conduc'or  loss 
(hysteresis  loss)  is  reduced  by  a  factor  of  10, 
which  adequately  meets  the  required  value.  In  this 
case,  the  conductor  loss  is  3.02  W/m.  The  total  of 
dielectric  loss  and  heat,  penetration  is  1.27  W/m  and 
friction  loss  is  negligibly  small.  It  is  believed 
that  Jc  =  1  x  1CrA/cm2  (with  flux  density  of  0.21  T 
at  conductor  surface)  is  sufficient  to  design  a  1000 
MVA  66  kV  high-Tc  superconducting  power  cable  with 
130-mm  diameter.  Conceptual  design  for  600MVA  cable 
showed  that  the  required  value  of  Jc  is  2  x  10* 
A/cm2  (0.13T). 


Table  3.  Conceptual  Design  of  66kV  1000MVA 
High-Tc  Superconducting  Cable 


Inner  diameter  of  former 

mm 

19.4 

Conductor  outside  diameter 

mm 

24.1 

Shield  conductor  inside  diameter 

mm 

36.9 

Core  outside  diameter 

mm 

38.1 

Heat-insulation  tube  inside  diameter 

mm 

87.7 

Heat-insulation  tube  outside  diameter 

mm 

130.0 

Critical-current  density 

A/cm2 

10s 

10* 

107 

Conductor  loss 

W/m 

30.2 

3.0 

0.3 

Dielectric  loss 

W/m 

0.5 

0.5 

0.5 

Thermal  penetration 

W/m 

0.7 

0.7 

0.7 

Coolant  temperature  ris<* 

K 

15.0 

15.0 

15.0 

Coolant  pressure  loss 

atm 

367.3 

10.9 

1.9 

4.  COST  CONSIDERATIONS 

Transmission  costs  were  studied  for  the  model 
systems  shown  in  Fig.  1  (b)  and  (c).  Cost 
considerations  included  construction  costs, 
capitalized  costs  of  transmission  and  refrigeration 
losses,  all  calculated  by  the  levelized  annual  cost 
method.  The  basic  requirements  for  cost  calculation 
are  shown  in  Table  4. 

The  high-Tc  superconducting  cable  between  B  and  C 
permits  use  of  existing  ducts,  and  eliminates  the 
cost  of  cable  tunnel  construction  and  therefore 
reduces  costs  by  as  much  as  58% ,  compared  to  normal- 
conductor  cables.  Because  of  this,  although  the 
normal-conductor  cable  is  better  over  the  other 
sections,  the  high-Tc  superconductor  cable  generates 
a  15?  cost  reduction  over  the  entire  cable  system. 
In  addition,  with  high-Tc  superconducting  cable,  the 
need  for  primary  substations  is  eliminated  by  the 
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uniform  voltage,  so  that  the  total  cost  of 
substations  is  reduced  by  28?. 

The  result  is  shown  in  Table  5.  Assuming  that  the 
high-To  superconducting  wire  costs  as  much  as  Nb3Sn, 
the  high-Tc  superconducting  cable  system  achieves  a 
21?  overall  cost  reduction  compared  to  the  normal- 
conductor  cable  system. 


Table  4.  Basic  Requirements  for  Cost  Calculation 


Hem 

Requirements 

Basic  formula 

Power  transmission  cost  IV/yrl 
=  Construction  cost (V)  x  a  +  cost  of  pow  er 
loss  +  refrigerator  operating  cost  IV/yr) 
where  a  =  J  0.126<for cable) 

\  0.142  (for  transformer) 

Cable 

High-Tc 

superconducting 
cable  cost 

Calculations  are  made  on  the  assumption  that 
the  superconducting  wire  material  costs  as 
much  os  Nb^Sn.  The  cost  of  the  refrigeration 
system  is  also  included  in  the  calculation. 

Internally-cooled 
cable  cost 

Proven  values  arc  used  on  the  assumption  that 
the  internally-cooled  cable  cost  is  equal  to  that 
ofOFcnbles. 

Cost  of  cable  duct 
am)  tunnel 

The  proven  value  mean  for  three  years  is  used. 

Trans 

former 

High  Tc 

superconducting 
transformer  cost 

Calculations  are  made  on  the  assumption  that 
the  superconducting  wire  material  costs  as 
nuichas  NbqSn.  The  cost  of  the  refrigeration 
system  is  also  included  in  the  calculation. 

Transformer  cost 
(normal  conductor) 

Proven  values  are  used. 

Cost  of  Substation 
construction 

Determined  on  basis  of  proven  values  for  three 
years.  The  switching  station  construction  cost 
is  calculated  on  the  assumption  that  it  is  about 
70%  of  that  of  a  substation. 

Table  5.  Cost  Evaluation  for  Model  Systems 

(Absolute  values  derived  on  the  assumption 
that  total  transmission  cost  of  normal- 
conductor  cable  system  =  100) 


High-Tc  superconducting 
cable  system 

Normal  conductor  cable  system 

Cable  system 

45 

53 

Substation 

34 

47 

Total 

79 

100 

5.  SUMMARY 

A  conceptual  design  of  a  compact  high-Tc 
superconducting  cable  was  developed  using  the  Bean 
model.  Based  on  the  results,  various  requirements 
for  accommodating  superconducting  cable  in  existing 
ducts  (150-mm  diameter)  for  present-day  power  systems 
were  clarified.  The  costs  were  evaluated  and  the 
applicability  was  studied.  The  following  findings 
were  obtained. 

(1)  Based  on  a  present-day  cable  model  system,  a 
future  model  system  was  established  on  the 
assumption  that  demand  for  electric  power  will 
double  compared  to  today's  levels.  Comparative 
studies  were  made  using  superconducting  and  normal- 
conductor  cables. 

A  large-capacity  high-Tc  superconducting  cable 
can  be  substituted  for  conventional  cables  in 
existing  cable  ducts  and  tunnels.  In  addition,  it 
promises  advantages  of  cost  reduction  and  efficient 


utilization  of  increasingly  crowded  underground 
space. 

(2)  The  magnetization  curves  for  the  Y-based  and 
Bi-based  silver-sheathed  tapes  were  measured  by  the 
AC  magnetization  method  to  determine  the  AC  loss. 
The  AC  loss  was  proportional  to  the  third  power  of 
the  applied  maximum  field  Hm  in  the  range  below  Hp, 
whereas  't  showed  a  tendency  toward  approximating  a 
straight  line  proportional  to  the  first  power  of  Hm 
in  the  range  of  Hp  <i  Hm.  These  characteristics 
agree  well  with  the  field  dependency  of  the  AC  loss 
determined  by  the  Bean  model. The  results  of  these  AC 
loss  measurements  suggest  that  the  Bean  model 
provides  a  useful  means  for  approximate  evaluation 
of  the  AC  loss  in  superconducting  wire  employed  in 
high-Tc  superconducting  power  cables. 

(3)  Using  the  Bean  model,  we  developed  a 
conceptual  design  for  a  high-Tc  superconducting 
cable  by  which  the  pressure  loss  of  liquid  nitrogen 
coolant  is  below  10  atm  and  the  cable  outside 
diameter  is  minimized.  This  design  confirms  that 
the  optimal  cable  system  voltage  is  66  kV  so  that 
the  cable  can  fit  into  the  existing  150-mm  ducts. 
Furthermore,  conceptual  designs  for  high-Tc 
superconducting  cables  of  1000  MVA  and  600  MVA  (with 
130-mm  cable  overall  outside  diameter)  showed  that 
the  required  value  of  Jc  is  1  x  1CrA/cm2  (0.21  T) 
and  2  x  1CPA/cm2  (0.13  T),  respectively. 

(4)  Assuming  that  the  cost  of  high-Tc 
superconducting  wire  is  about  the  same  as  Nb3Sn,  the 
high-Tc  superconducting  power  cable  system  effects  a 
21?  cost  reduction  over  a  normal  conductor  cable 
system. 
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1.  Abstract 

Trailing  cables  are  for  example  used  for  conveying 
systems.  To  design  and  produce  a  trailing  cable 
with  optical  fibers  (OFTC)  one  has  to  consider  a 
variety  of  technical  boundaries  but  this  type  of 
cable  is  nowadays  according  to  the  latest  state  of 
art.  This  contribution  deals  with  the  construction 
and  relevant  tests  and  their  results  for  OFTC 
designed  for  rated  voltages  from  1  kV  to  35  kV. 

The  mentioned  advantages  are  utilized  in  mobile 
equipment,  which  get  their  energy  and  control 
signals  by  trailing  cables. 

The  optical  fiber  (OF)  used  is  a  single  mode  fiber 
with  a  mode  field  diameter  of  9  pm  or  a  graded 
index  fiber  with  a  core  diameter  of  50  pm  or  62,5 
pm.  The  paper  describes  the  possible  constructions 
for  the  OF  element  with  graded  index  fibers  used 
for  the  various  applications  of  the  OFTC. 

Further  the  relevant  mechanical  and  thermal  tests 
and  their  results  for  the  various  constructions 
are  described. 


2.  Introduction 

The  modern  optical  fiber  technology  has  gotten 
more  and  more  interest  in  the  last  years  for 
cables  used  for  power  utilities.  The  advantage 
of  optical  fiber  cables  are  not  only  the  bandwidth 
in  comparison  with  copper  cables,  but  also  the 
insencitiviness  to  magnetic  interference. 

These  advantages  can  be  used  for  mobile 
applications,  where  the  equipment  gets  their  power 
as  well  as  control  signals  over  a  trailing  cable. 
The  main  operational  area  for  trailing  cables  is 
the  conveyer  and  hoisting  technique. 

Two  examples  are  shown  in  the  Fig.  1  and  2.  The 
constructive  solution  of  trailing  cables  with 
integrated  optical  fibers  is  not  easy,  because 
such  cables  are  submitted  permanently  to 
mechanical  stresses  like  bending  and  torsion.  This 
fact  must  be  taken  into  consideration  by  designing 
the  power  cable. 

At  this  the  suitable  choice  for  the  material  is 
decisive  for  the  functioning  of  the  cable.  The 
following  paper  describes  such  constructions,  the 
relevant  tests  and  the  results  for  cables  with 
nominal  voltages  from  1  kV  to  35  kV. 


Fig.  1/2:  OFTC,  Used  with  Dredger  and  in  Surface 
Mining 
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The  constructions  of  the  cable  is  similar  to 
commercial  trailing  cables,  where  in  the 
interstices  of  the  insulated  power  wires  the 
optical  fiber  element  is  integrated.  (1)  (2) 

In  the  paper  special  tests  are  described  which 
take  under  consideration  the  optical  fibers.  These 
tests  and  their  results  confirm  the  serviceability 
of  optical  fibers  used  in  such  power  cables.  No 
negative  interaction  between  power  conductors  and 
optical  fiber  cables  occurs. 

3.  Cable  Design 

3.1  Optical  Fiber  (OF)  -  Element 

For  the  transmission  of  control  and  video  signals 
from  a  conveyer  to  a  central  computer  an  optical 
fiber  element  is  integrated  in  a  trailing  cable. 

This  optical  fiber  element  must  be  sufficient  to 
the  requirements  of  a  trailing  cable.  The 
separation  of  the  telecommunication  part  from  the 
power  core  must  be  possible  without  difficulties, 
so  that  both  parts  can  be  used  as  independant 
cables.  To  guarantee  this,  the  construction  of  the 
optical  fiber  element  must  be  accomodated 
especially  the  mechanical  stress  of  the  cable. 

For  the  production  of  the  cable  with  a  vulcanized 
rubber  outer  sheath  a  temperature  of  about  200°C 
and  a  pressure  of  20  bar  over  15  minutes  to  the 
optical  fiber  element  is  to  be  considered. 

The  optical  fiber  element  has  to  be  examined  as 
outdoor  cable  from  the  distribution  point  of  power 
and  telecommunication  part  to  the  termination.  To 
fulfil  these  conditions  the  following  basic 
constructions  of  optical  fibre  elements  were 
realized. 


Type  1 

°  Optical  fibers  with  UV-coating 
°  Central  loose  buffer  with  FRP  armoring 
0  Rubber  jacket 


Type  2 

°  Optical  fibers  with  UV-Coating 
0  Stranded  tight  buffered  fibers  around  a  central 
FRP  element 
0  ETFE  tube 
0  Rubber  jacket 


Typel 


Type  2 


Type  3 


rubber  jacket 
.strenghts  member -FRP 
loose  tube 

optical  fibers  with  UV-Coating 
.tapes  of  glasfilaments 


rubber  jacket 
.ETFE  tube 
tapes  of  glasfilaments 
tight  buffered  fibers 
fiber  with  UV-Coating 
strenghts  member 


rubber  jacket 
ETFE  tube 
tapes  of  glasfilaments 
tight  buffered  fiber 
fiber  with  siliconcoating 


Fig.  3:  Basic  Elements  for  OFTC 


The  typical  datas  for  the  used  graded  index  fibers 
are  shown  in  the  following  table: 

50  pm 
125  pm 
250  pm 
2,7  dB/km 
0,7  dB/km 
600  MHz  *  km 
1000  MHz  *  km 


3.2  Trailing  Cable 


Core  diameter  : 

Reference  surface  diameter: 
Coating  diameter  : 

Attenuation  at  850  nm  :  £ 

Attenuation  at  1300  nm  :  £ 

Bandwidth  at  850  nm  :  2 

Bandwidth  at  1300  nm  :  2 


Type  3 

Like  type  2,  but  optical  fibers  with  silicon 
coating. 

The  various  constructions  are  shown  in  detail  in 
Figure  3.  These  elements  are  technical  equivalent, 
but  type  3  is  especially  suitable  for  higher 
temperature  usage. 


Figure  4  shows  the  principal  construction  of  the 
optical  fiber  trailing  cable  (OFTC). 

The  power  element  consists  of  a  special  conductor 
made  for  high  flexible  use.  A  high-grade  rubber 
insulation  guarantees  good  mechanical  and 
electrical  properties.  The  power  conductors  are 
stranded  with  a  short  pitch  length  (340  nm);  in 
the  interstices  two  protective  conductors  and  the 
optical  fiber  element  are  laid  in.  Over  the 
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filling  inner  jacket  a  torsion  protection  made  out 
of  plastic  threads  is  laid  into  the  outer  rubber 
jacket  which  guarantees  good  mechanical  and 
thermal  properties.  The  outer  diameter  of  the 
complete  cable  is  about  75  mm. 


0  Torsion 
Angle: 

Sample  length: 
Load: 

Measurement  datas: 


±  180° 

2  m 
50  N 

material  behavoiur, 
number  of  cycles 


°  ((ink 

Angle:  360° 

Measurement  datas:  material  behaviour,  bending 
rate,  fiber  attenuation  at 
1300  nm 


0  Temperature  cycling 
Sample  length:  >.  1000  m 

Temperature:  -  25°C  to  90°C 

Measurement  datas:  temperature,  fiber 

attenuation  at  1300  nm 


The  test  method  for  the  optical  fiber  attenuation 
is  shown  in  the  appendix  (insert-loss-measurement) 

4.2  Results  on  OF-Element 


Fig.  4:  OFTC  (3x240  mm2)  with  Optical  Fiber 
Element  (OF) 

4.  Tests  and  results 

4.1  Optical  Fiber  Elements 

The  described  OF-elements  were  tested  according 
IEC  as  follows: 


0 

Tension 

IEC  794-1-E1 

0 

Crush 

IEC  794-1-E3 

o 

Impact 

IEC  794-1-E4 

o 

Repeated  bending 

IEC  794-1-E6 

0 

Torsion 

IEC  794-1-E7 

o 

Kink 

IEC  794-1 -E 1 0 

0 

Temperature  cycling 

IEC  794-1-F1 

The  test  methods  are 

described  in  the  appendix. 

The  following  test  parameters  were  chosen: 

0 

Tension 

Sample  length: 

100  m 

Speed  : 

10  mm/mi n 

Measurement  datas: 

elongation,  fiber 
attenuation  at  1300  nm 

0 

Crush 

Sample  length: 

100  m 

Measurement  datas: 

pressure,  fiber  attenuation 
at  1300  nm 

o 

Impact 

Energy: 

3  Nm 

Number  of  impacts: 

2  400 

Measurement  datas: 

material  behaviour,  fibe1" 
attenuation  at  1300  nm 

o 

Repeated  bending 

Bending  radii: 

30  mm,  60  mm,  120  mm 

Measurement  datas: 

material  behaviour,  number 
of  cycles,  fiber 
attenuation  at  1300  nm 

0  Tension 

This  test  shows  for  the  various  OF-Elements 
very  different  results.  The  construction 
witha  central  tube  and  FRP  armouring  (type  1) 
shows  only  an  increase  of  A  =  0.1  dB/100  m 
up  to  a  load  of  5  KN.  For  type  2  and  type  3 
the  stranding  of  the  buffers  ???  around  a 
central  strength  nubmer  is  the  determining 
factor,  so  that  the  maximum  pulling  force  is 
limited  to  500  N,  what  is  based  on  the  low 
cross  section  of  the  FRP-element  (100  mm 
diamter).  Type  3  is  a  little  bit  better  than 
type  2,  because  the  Silicon  coated  fiber  is 
more  insensitive  against  mechanical  stress 
than  the  UV-coated  fiber.  The  results  are 
shown  in  the  diagramme  of  figure  5. 


Fig.  5:  Tension  Test  on  OF-Element 
°  Impact 

With  an  energy  of  3  Nm  for  type  2  after  a  total 
number  of  95  impacts  a  fiber  breakage  occurs.  By 
changing  the  coating  to  a  silicon  material  this 
behavoiur  is  improved  up  to  200  impacts  with  3  Nm, 
until  also  a  fiber  breakage  is  noticed.  Only  for 
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type  1  by  use  of  a  FRP-armouring  no  fiber  breakage 
happens  by  number  of  impacts  greater  than  400;  no 
change  of  attenuation  is  measured.  Figure  6  shows 
the  results. 


Fig.  6:  Impact  Test  on  OF-Element 


•  Kink 

Up  to  radii  R  i  30  mm  no  change  of  attenuation  is 
measured.  Figure  8  shows  that  for  all 
constructions  an  increase  of  attenuation  is 
measured  only  for  radii  lower  than  15  mm.  In  this 
case  the  behavoiur  of  the  constructions  are 
similar. 


0  Crush 

All  constructions  show  an  increase  of  attenuation 
by  a  load  greater  than  2000  N  (figure  7).  For  type 
1  this  increase  is  much  higher  than  for  the  other 
types,  but  in  comparison  to  these  types 
reversible.  It  is  shown  in  the  figure  that  all 
constructions  are  suitable  for  lateral  forces 
lower  than  1500  N. 


Fig.  7:  Crush  Test  on  Of -Element 

0  Repeated  bending 

This  test  is  for  all  constructions  uncritical.  In 
no  case  a  fiber  breakage  or  a  change  in 
attenuation  is  measured  by  more  than  100.000 
cycles  around  a  radius  of  60  mm  and  an  angle  of 
±  90°C. 

0  Torsion 

Also  in  this  test  by  500.000  cycles  and  an  angle 
of  +  180°  the  three  constructions  no  change  of 
attenuation  or  fiber  breakage  occurs. 


Fig.  8:  Kink  Test  on  OF-Element 


0  Temperature  cycling 

All  constructions  were  tested  in  two  cycles 
between  -  25°C  and  90°C.  The  change  of  attenuation 
was  increased  at  1300  nm.  Figure  9  shows  clear, 
that  all  OF-types  are  equivalent.  The  maximum 
increase  of  attenuation  is  lower  that  0,1  dB/km  at 
L  -  1300  nm  for  all  elements.  At  room  temperature 
the  increase  is  reversible. 


loss 

Aa/dB/km 


Fig.  9:  Temperature  Cycling  on  OF-Element 

On  basis  of  the  described  tests  and  their  results 
for  the  trailing  cable  only  the  type  1  element  was 
examined.  To  improve  the  mechanical  behaviour  in 
deviation  from  figure  3  a  thin  hytrel  sheath  was 
extruded  over  the  FRP  armouring.  Figure  10  shows 
the  element  in  detail. 
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4.3  Tests  On  Trailing  Cable  With  Optical  fiber 
Element  (OFTC) 


a 


H  !  hydraulic  torsion  cylinder 
a  •  angle  of  torsion;  ♦  60°/m 
I  •  length  of  sample  1.5  m 
G  Hoad  weight 


Fig.  12:  Torsion  Test  on  TC 


On  the  completed  cable  tension,  torsion  and  a 
bending  test  up  to  a  temperature  of  90°C  were 
made. 

•  Tension 

For  the  tension  test  Jthe  stress  on  the  OFTC  was 
increased  to  30  N/mm  (Figure  11).  The  optical 
attenuation  was  measured  during  this  test  at 
X.  =  1300  nm. 


Fig.  11:  Tension  Test  on  OFTC 


0  Bending  test  at  ambient  and  maximum  conductor 
temperature 

The  sample  was  spooled  20  times  up  and  down  at 
different  bending  diameters.  Bending  diameters: 
12x,  lOx,  8x,  6x  D.  For  this  test  with  conductor 
temperature  90°C  the  cable  was  heated  by  an 
induced  current  of  690  A.  After  every  winding 
cycle  the  cable  was  heated  to  90°C  again 
(Figure  13). 


0  Torsion  Test  at  ambient  and  maximum  conductor 
temperature 

The  OFTC  was  torded  10000  times  with  an  angel  of  ± 
60°C  and  the  optical  attenuation  was  measured  with 
the  IR-method  during  the  test.  To  perform  this 
test  at  conductor  temperature  90°C  the  ends  of  the 
sample  were  connected  in  series.  An  induced 
current  of  690  A  heated  the  cable  to  the  wanted 
temperature  (Figure  12). 


4.4  Results 

The  above  mentioned  tests  showed  that  the  OFTC 
withstood  all  the  mechanical  and  thermal  tests 
without  faults. 

The  stresses  that  will  occur  in  practice  are 
accordingly  uncritically  for  the  OFTC. 

For  great  importance  is  the  applicability 
demonstrated  at  different  temperatures,  because  in 
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most  of  the  known  publications  tests  were  done  at 
ambient  temperature.  The  test  results  are  shown  in 
the  figures  14  to  16. 


Fig.  14:  Tension  Test  on  OFTC 


Fig.  15:  Torsion  Test  on  OFTC 


Fig.  16:  Bending  Test  on  OFTC 

5.  Outlook 


investigations  were  at  first  limited  to  the 
OF-element  with  graded  index  fibers,  where  the 
investigations  were  performed  on  different 
OF-elements. 

Because  of  the  mechanical  tests  the  construction 
with  central  unit  core  and  (FRP)  -  armouring  seems 
to  be  the  best.  The  decribed  tests  on  the  OFTC  are 
limited  for  this  element.  For  futurous 
constructions  the  application  of  other  OF-elements 
in  a  trailing  cable  will  be  tested.  Additionally 
the  application  of  singlemode  fibers  in 
OF-elements  will  be  tested  too. 

6.  Appendix 

I EC  test  methods  on  optical  fiber  element 


Porometer 

lenght  II  .  const  100m 
Elongation/E  ■  diff. 

Force  IkNI/F  :  diff, 
opt.  Attenuation:  diff 
breok  point 


Tension:  IEC  794-1-E1 


iweight 

F/N 


Ftarometer  - 

oreo  of  pressure:  const 


100  mm 

force  1  N 

•  dill 

opt  attenuation 

■dill 

mechanical 

behaviour 

•visual 

This  publication  shows  that  the  use  of  OF  is 
without  problems  in  combination  with  trailing 
cables,  even  if  these  cables  are  loaded  with  high 
mechanical  and  thermal  stresses. The  performed 


Crush:  IEC  794-1-E3 


International  Wire  &  Cable  Symposium  Proceedings  1990  525 


Impact:  I EC  794-1-E4 


Repeated  Bending:  IEC  794-1-E6 


Porometer- 

coble  lenght 
under  te&t  •  1000  m 
attenuation  dB/km:  drtf. 


Temperature  Cycling:  IEC  794-1-F1 


source  loper  somple  power  meler 


\*1550nm 


Optical  Measurement  ,  ,.,jd  for  the  Measurement 
of  the  Attenuation 
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EVALUATION  OF  FIBER  OPTIC  SYSTEM  COMPONENTS  FOR 
USE  IN  SPACECRAFT  ENVIRONMENTS 

Grant  M.  de  Goede,  Wen-Chi  Chen,  Allan  R.  Jackson 

TRW,  S&TG,  Redondo  Beach  CA 


Abstract 

An  evaluation  was  conducted  on  the 
performance  of  1 .3pm  fiber  optic  system 
components  In  conditions  which  would  Indicate  their 
viability  for  for  use  in  spacecraft  applications.  The 
replacement  of  copper  based  cabling  with  fiber 
optics  has  occurred  rapidly  In  ground  based  systems, 
but  their  use  in  commercial  or  military  space  Is 
extremely  rare  or  non-existent. 

The  commercially  procured  system 
components  evaluated  In  this  study  would  be 
applicable  for  use  In  medium  to  low  data  rate  (150 
Mbaud/s  or  less)  digital  onboard  communication 
systems.  The  evaluation  shows  good  promise  for 
the  early  use  of  fiber  optic  systems  which  require 
low  to  medium  link  lengths  between  terminating 
stations,  such  as  ring  based  local  area  networks. 


Introduction 

This  paper  presents  test  program  data  and 
evaluation  of  the  capability  of  selected  fiber  optic 
components  to  perform  in  space  environments.  The 
emphasis  Is  on  commercially  available  components 
that  would  be  required  for  a  i  ,3pm  medium  speed 
digital  network  such  as  an  FDDI  local  area  network. 

The  applicability  of  a  component  or  system 
for  space  missions  usually  revolves  around  the 
accurate  prediction  and  bounding  of  performance 
based  on  the  range  of  temperature,  shock,  vibration 
and  radiation  that  the  part  may  experience  during 
storage,  launch  and  mission  lifetime.  Adequate 
characterization  of  a  device’s  performance  at 
military  or  commercial  standardized  environmental 
limits  must  be  performed  to  insure  that  accurate 
reliability  and  worst  case  analysis  can  be  done. 

In  the  case  of  fiber  optic  local  area  network 
components  numerous  publications  exist  which 
examine  device  performance.  In  the  early  1980s 
most  of  those  studies  involved  ,8pm  wavelength 
liber  optic  devices  and  systems.  More  recently 
attention  has  shifted  to  1.3pm  wavelength  systems 
which  offer  technical  advantages  as  well  as  Ihe 
existence  of  a  rapidly  accepted  local  area  network 
standard,  namely  FDDI. 

System  Components  and  Interconnects 

The  four  main  components  which  comprise 
the  optoelectronic  portion  of  a  medium  speed 
(125Mbaud)  1.3pm  digital  network  are  the  light 


emitting  diode  (LED),  PIN  photodiode,  connectors 
and  optical  cable.  The  main  performance  criterion 
for  such  a  fiber  optic  system  is  the  insertion  loss  or 
link  budget  between  transmitting  and  receiving 
stations.  An  often  overlooked  but  highly  Important 
portion  of  this  insertion  loss  is  the  interface 
between  the  active  devices  and  the  optical  cable  or 
between  two  runs  of  optical  cable. 

The  selection  of  the  system  components  to  be 
tested  was  based  on  a  extensive  study  of 
commercially  available  components  whose 
characteristics  match  those  of  the  targeted  medium 
speed  space  platform  local  area  network.  The  choice 
of  fiber  was  limited  to  multimode  fiber  with  widely 
accepted  core/cladding  diameters  and  an  inherent 
resistance  to  radiation  induced  attenuation.  LED  and 
PIN  photodiode  devices  were  limited  to  non-pigtailed 
TO-18  or  TO-46  windowed  packages  which  were 
compalible  with  standard  connector/device 
receptacle  mounts.  While  somewhat  lower  in 
coupling  efficiency  than  pigtailed  devices  The  use  of 
this  type  of  interconnect  offers  the  advantages  of  cost 
and  modularity.  It  should  be  noted  that  the 
availability  and  standardization  of  the  FDDI 
connector  was  unclear  at  the  time  of  these  tests. 

Test  Mechanism 

The  selected  components  were  subject  to  a 
series  of  tests  and  measurements  including  thermal 
vacuum  test,  thermal  cycling  lest,  vibration  test  and 
total  gamma  dose  radiation  test.  Initial  insertion 
loss  measurements  were  performed  in  accordance 
with  EIA-455-34.  Thereafter  coupling  loss  changes 
observed  during  and  after  testing  were  recorded. 

The  thermal  cycling  tests  were  carried  out  in 
accordance  with  EIA-RS-455  and  FOTP-3.  A  total  of 
100  cycles  from  -65°C  to  150°C  were  run  for  cable 
assemblies  and  50  cycles  for  the  LED  and  PIN 
photodiode  connector  assemblies. 

Thermal  vacuum  testing  used  the  same  cycle 
conditions  as  the  thermal  cycling  tests  at  a  pressure 
of  1  x  10'5  Torr  for  50  cycles  minimum. 

Vibration  testing  was  set  up  per  MIL-C- 
83522  Para.  4.7.11.4  and  MIL-STD-202.  Test 
conditions  consisted  of  sinusoidal  vibration  from  a 
frequency  range  of  10  to  2000Hz  with  a  20G  peak 
level.  For  detailed  procedures  see  EIA-RS-455  and 
FOTP-11. 

Shock  testing  was  performed  per  MIL-STD- 
202,  method  21 3B.  Conditions  consisled  of  a  300G 
peak  value  half  sine  waveform  of  3ms  normal 
duration.  For  detailed  procedures  see  EIA-RS-455- 
14. 


528  International  Wire  &  Cable  Symposium  Proceedings  1990 


Radiation  testing  was  carried  out  in 
accordance  with  MIL-STD-883,  method  1019.  A 
cobalt  60  source  with  an  exposure  rate  of  8400 
Rads(SI)/minute  was  used. 

Optical  Fiber  Characteristics 

The  two  major  liber  types  which  are  used  in 
medium  speed  LED  based  LAN  applications  are  pure 
silica  core  step  Index  fibers  and  doped  silica  core 
graded  index  fibers.  A  pure  silica  core  along  with 
either  a  polymer  based  (plastic)  cladding  or  a 
Rourine  (F)  or  Boron(B)  doped  silica  cladding  is 
the  basis  of  the  multimode  step  index  fiber.  A  graded 
index  fiber  consists  of  a  Germanium  (Ge)  doped 
silica  core  which  can  be  codoped  with  F  or 
Phosphorous  and  a  cladding  of  pure  or  doped  silica.  A 
primary  protective  "buffer"  coating  of  silicone 
(acrylate)  is  standard  on  both  step  and  graded  index 
fibers.  Figure  1  is  a  sketch  of  a  typical  optical 
fiber's  construction. 


Figure  1.  Optical  Fiber  Construction 


provide  useful  worst  case  data  even  If  a  complete 
theoretical  understanding  of  loss  mechanisms, 
annealing  and  radiation  hardening  is  currently 
unavailable.  In  general  the  induced  loss  duo  to 
ionizing  radiation  is  higher  at  low  temperatures  and 
short  times  following  exposure  and  partial  annealing 
can  be  optically  or  thermally  achieved.3  Pure  silica 
core  fibers  have  exhibited  induced  losses  of 
slOdB/Km  for  total  doses  of  up  to  107  rads(Si)  at 
room  temperature.4  For  relatively  low  total  doses, 
graded  irdex  multimode  fibers  with  Ge02  doped 
silica  cores  have  been  repeatedly  shown  to  have 
lower  radiation  induced  losses  than  GeC>2  cores 
which  are  also  co-doped  with  P.5 

Optical  Fiber  Testing 

A  step  index  fiber  optic  cable  manufactured 
by  Raychem  (RC)  and  graded  index  fiber  (with  only 
a  primary  buffer)  from  AT&T  (ATT)  were  chosen 
for  testing.  Their  respective  characteristics  are 


listed  in  Table  1. 

Manufacturer 

Raychem 

AT&T 

Part  Number 

LSC 

n/a 

Core/Clad  Dia.  (pm) 

100/140 

62.5/125 

Index  Profile 

Step 

Graded 

Numerical  Aperture 

0.22 

0.23 

Attenuation  (dB/Km) 

12 

0.75-1.5 

Bandwidth  (MHz-Km) 

20 

150-600 

Butler  Coating 

Silicone 

Polymid 

Inner  Jacket 

ETFE 

n/a 

Strength  Member 

Kevlar 

n/a 

Second  Jacket 

ETFE 

n/a 

The  attenuation  and  bandwidth  of  a  liber  type 
are  the  most  critical  performance  factors  to 
consider.  In  a  space  environment  temperature  and 
radiation  will  produce  the  greatest  variation  in  a 
fibers  attenuation. 

For  temperature,  the  most  significant  loss 
mechanism  affecting  optical  cables 
is  due  to  microbending  losses  at  low  temperal"‘os. 
These  losses  can  vary  widely  depending  on  the  type  of 
cable  construction,  “loose"  tube  or  tight  secondary 
jacket.  Generally  loose  tube  construction  is  likely  to 
show  smaller  low  temperature  losses  than  tight 
buffered  construction.  However  in  both  cases  the 
buffer  coating  thickness  and  softness  can  be  adjusted 
to  reduce  low  temperature  loss.1  Primary  buffer 
coated  silica  clad  fibers  without  cabling  show  no 
significant  change  in  attenuation  due  to  temperature. 
However,  uncabled  plastic  clad  silica  core  fibers 
have  exhibited  extremely  large  losses(-20dB  @ 
70°C  for  a  50m  length)  at  low  temperatures.2 

The  study  of  radiation  effects  on  optical  fiber 
has  proved  to  be  a  very  complex  task  with 
conflicting  results  and  theories  often  being  put 
forth.  However,  for  applications  in  a  natural  space 
environment  permanent  induced  loss  measurements 


Table  1.  Optical  Fiber  Specifications 


The  AT&T  62.5  pm  core  graded  index  fibers 
were  terminated  with  SMA  type  Amphenol  906- 
110-5005  connectors  or  with  Canon  SZ20  type 
3899  connectors.  The  AT&T  fiber  had  a  polymid 
primary  buffer  coating  but  no  further  jacketing. 

The  Raychem  cable,  consisting  of  pure  silica  core 
step  index  fiber  with  tight  jacket  coaling  and  Kevlar 
strength  members,  was  terminated  with  either 
SSMA  01-01-001,  SMA  906-500-5002,  or  Canon 
SZ20  connectors.  Fiber  assemblies  were  tested  in 
the  configurations  shown  in  Figure  2. 


SMA 

O- 


5m 

or 

25m 


SSMA 

or 

SZ20 

-ro- 


5m 

or 

25m 


SMA 

-□ 


SMA 

□- 


10m  or  50m 


SMA 
— U 


Figure  2.  Optical  Fiber  Assembly  Types 
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Thermal  cycling,  thermal  vacuum, 
vibration,  shock  and  radiation  tests  were  performed 
on  the  fiber  assemblies.  The  general  fiber  test 
measurement  setup  is  shown  in  Figure  3. 


(optional) 


P - CD- 

SMA 


TEST 

FIBER 


Figure  3.  Optical  Fiber  Test  Setup 


The  thermal  cycling  test  results  displayed  in 
Table  2  show  the  average  induced  loss  within  each 
thermal  cycle  for  various  fiber  assemblies.  A 


positive  value  indicates  a  loss  from  the  25°C 
measurement  and  a  negative  value  Indicates  a  gain. 
The  maximum  induced  loss  for  any  cycle  is  also 
listed  In  parantheses.  Raychem  cables  with  an  SSMA 
interconnect  at  the  assembly  center  displayed  the 
largest  induced  loss  at  low  temperature.  The  other 
Raychem  assembly  and  the  two  AT&T  assemblies 
show  little  variation  in  their  high  and  low 
temperature  induced  losses. 

Table  3  displays  the  average  induced  loss 
within  each  thermal  vacuum  cycle.  The  Raychem 
fiber  assemblies  with  SSMA  interconnects  show 
smaller  average  induced  losses  than  were  exhibited 
in  the  thermal  cycling  results.  The  50m  Raychem 
assembly  with  a  midpoint  SZ20  interconnect  showed 
surprisingly  large  loss  at  high  temperature. 


Fiber  Test  Assemblv 

Ay.£iaflg..lnctedJ.Pss 

idBl 

25°C 

O 

cn 

o 

O 

O 

25°C 

to  -65°C 

RC  10m  SMA/SMA 

+0.3 

(+0.7  max) 

+0.2 

(+0.3 

max) 

RC  10m  SMA/SSMA/SMA 

-0.1 

(+0.6  max) 

+0.9 

(+1.8 

max) 

ATT  10m  SMA/SMA 

-0.01 

(-1.4  max) 

-0.1 

(-1.2 

max) 

ATT  10m  SMA/SMA 

-0.5 

(-1.1  max) 

-0.2 

(-0.7 

max) 

Table  2.  Thermal  Cycling  Average  Induced  Loss 


Fiber  Test  Assembly 

Average  Induced.  Loss 

jm 

25°C 

to  150°C 

25°C 

to  -65°C 

RC  10m  SMA/SZ20/SMA 

+0.3 

(+1.5 

max) 

+1.4 

(+2.6 

max) 

RC  10m  SMA/SSMA/SMA 

+0.2 

(+1.2 

max) 

+0.3 

(+1.0 

max) 

RC  50m  SMA/SSMA/SMA 

+1.4 

(+1.9 

max) 

+0.1 

(+0.8 

max) 

ATT  10m  SMA/SZ20/SMA 

•0.1 

(-0.2 

max) 

+0.2 

(+0.9 

max) 

ATT  10m  SMA/SMA 

+0.2 

(+1.3 

max) 

+0.4 

(+1.1 

max) 

ATT  50m  SMA/SMA 

-0.2 

(-0.7 

max) 

+0.3 

(+0.8 

max) 

Table  3.  Thermal  Vacuum  Cycling  Average  Induced  Loss 


Vibration  testing  evaluated  four  cable 
assemblies,  both  SMA  and  SSMA  connectorized 
samples.  Test  data  showed  less  than  .IdB  attenuation 
change  and  no  damage  to  the  optical  fiber  assemblies. 
Shock  testing  similarly  showed  less  than  .IdB 
attenuation  change  and  no  damage  to  the  optical  fiber 
assemblies. 

Radiation  testing  consisted  of  total  gamma  ray 
dose  testing  on  a  50m  AT&T  fiber  and  a  10m 
Raychem  optical  cable.  After  a  total  dose  of  3.2x1 07 
rad(Si)  the  AT&T  fiber  had  an  induced  loss  of 
3.77d8  or  an  equivalent  loss  of  .075d3/m.  The 
Raychem  fiber  exhibited  an  induced  loss  of  .68dB 


after  a  total  dose  44x1 07  rad(Si)  which  is 
equivalent  to  .068  dB/m. 

LED  Characteristics 

As  with  .8pm  wavelength  AIGaAs  LEDs  the 
two  basic  types  of  1 ,3pm  InGaAsP  LED  structures 
are  the  surface  emitter  and  the  edge  emitter.  Edge 
emitting  LEDs  are  often  touted  as  outperforming 
surface  emitters  in  fiber  optic  communication 
systems  due  to  their  higher  fiber  coupled  power  and 
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coupled  power  modulation  products.8  However,  in  a 
space  based  short  repeater  distance,  medium  speed 
application  these  performance  differences  are  not  as 
crucial.  Other  characteristics  that  gain  importance 
in  such  an  application  are  device  operating  lifetime, 
coupled  power  sensitivity  to  fiber  alignment, 
wavelength  temperature  dependence  and  output 
power  sensitivity  to  both  temperature  and  radiation. 

The  failure  rate  of  surface  emitters  has 
been  determined  to  be  less  than  .3%/decade  at  70°C 
{-1  dB  power  output).9  Edge  emitters  operating 
lifetimes  have  been  determined  to  be  equivalent  or 
slightly  lower. 

The  tighter  optical  beam  divergence  of  edge 
emitters  would  likely  make  them  more  susceptible 
to  variations  in  fiber  coupled  power  to  due  shifts  in 
LED/fiber  alignment. 

It  is  well  known  that  increasing  temperature 
shifts  the  LED's  center  wavelength  of  emission  to 
longer  wavelengths  (coefficients  for  commercial 
devices  ranging  from  ,3nm/°C  to  .7nm/°C).10 

Based  on  a  survey  of  manufacturers 
specifications  a  surface  emitter's  output  power  is 
generally  less  sensitive  to  temperature  variation 
than  an  edge  emitter's  output.1 1  For  increasing 
temperature  a  general  value  for  surface  emitting 
LEDs  is  .7%/°C  while  edge  emitters  exhibit  a 
sensitivity  of  1.1%/°C  at  best.  However,  these 
values  were  based  on  testing  that  did  not  extend  into 
the  temperature  extremes  that  are  represented  by 
the  thermal  cycling  tests  described  above. 

Specifying  the  output  power  sensitivity  in  these 
terms  presents  problems  when  extended  over  a 
large  range  i.e.  for  a  100°C  temperature  increase  a 
edge  emitter  with  a  sensitivity  of  1.1%/°C  would 
have  no  optical  output  power.  Other  authors  have 
identified  an  exponential  equations  for  both  surface 
and  edge  emitters  which  describe  the  output  power 
and  temperature  relationship.12-13  It  should  be 
noted  that  some  edge  emitters,  depending  on  specific 
structure,  tend  to  exhibit  a  threshold  current  lasing 
characteristic  at  low  temperatures. 

Previous  gamma  ray  irradiation  tests 
performed  on  InGaAsP  LED’s  showed  no  significant 
degradation  of  optical  oulput  power  for  total  doses  of 
up  to  107  rads(Si).14 

However,  it  is  unknown  if  these  devices  were  under 
forward  bias  during  irradiation.  Other  studies  on 
AIGaAs  LEDs  have  shown  that  forward  biasing  devices 
during  irradiation 

likewise  results  in  small  decreases  in  optical  power 
at  similar  total  doses.15 

LEDJ.eslina 

The  devices  chosen  for  test  were  a  Lylel  (LE- 
0399)  TO-18  packaged  surface  emitter  and  a 


Stantel  (LH40A-24)  TO-46  packaged  edge  emitter. 
Manufacturers  specifications  are  given  in  Table  4. 


Manufacturer 
Part  Number 
Power  Out  (lf»  100mA) 
(fiber  launch,  pW) 
62.5/125  pm 
50/125  pm 
100/140  pm 
Rise/Fall  Time  (ns) 
Spectral  Width  (nm) 
Forward  voltage  (V) 
Forward  current  (mA) 
Oper.  Temp.  (°C) 


Lytel  Stantel 
LE-0399  LH40-24 


30 

45 

100 

4  5 

140  80 

2  max.  2  max. 

150  max.  200  max. 

0  to  +70  -20  to  +70 


Table  4.  LED  Specifications 


The  LEDs  were  soldered  into  the  connector 
compatible  device  receptacle  (either  an  Amphenol 
905-138-5001  SMA  device  mount  or  a  202345 
SSMA  Raychem  device  mount)  and  then  mounted  on 
the  test  circuit  board  schematically  shown  in  Figure 
4.  The  LED  TO  packages  were  secured  in  the 
receptacles  with  the  use  of  epoxy.  The  availability 
of  commercially  Integrated  device/connector 
components  has  only  recently  Improved. 
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Figure  4.  LED  Thermal  Cycle  Test  Circuit 


Thermal  cycling  and  total  dose  radiation  tests 
were  performed  on  the  LED  devices,  in  the  thermal 
cycling  test  cases  a  10m  length  of  optical  cable  was 
connected  to  the  LED  receptacle  with  the 
appropriate  SMA  or  SSMA  connector.  The  opposite 
end  of  the  10m  cable  exited  the  test  chamber  to 
provide  output  power  measurement  access.  A  50  mA 
drive  current  was  used  to  model  the  dissipation 
characteristics  of  an  LED  operating  under  a  50% 
duty  cycle  and  100mA  of  "on’'  current.  Only  D.C. 
output  power  measurements  were  performed.  For 
the  radiation  test  cases  the  devices  were  exposed 
solelyfnot  fitted  in  a  device  mount)  and  total  optical 
power  emitted  from  the  device  window  was 
measured. 

Table  5  displays  the  average  power 
variation  within  each  cycle  for  the  three  devices.  It 
is  notable  that  the  Lytel  LED  with  SSMA/Raychem 
fiber  connection  exhibited  greater  variation  in 
power  than  the  other  Lytel  test  device.  The  edge 
emitting  Stantel  device  as  expected  produced  the 
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during  the  room  temperature  gamma  ray  irradiation 
testing.  The  results  of  this  testing  Is  shown  in  Table 
6. 


largest  variation  at  high  temperature.  The  loss  of 
power  at  high  temperatures  was  much  less  severe 
than  predicted  by  both  the  equations  given  in  (12) 
and  (13).  The  LEDs  were  not  under  forward  bias 


Device.  (Setup) 

Lytel(SMA/AT&T) 

Lytel(SSMA/Raychem) 

Stantel(SMA/Raychem) 


Average  Power  Variation  Within  Cycle  (dBl 
25°C  to  1S0°C  25°C  to  -65°C 

•2.86  +1.38 


-3.98 


+  2.39 


•4.5 


+  0.8 


Table  5.  LED  Thermal  Cycling  Results 


Output  Power  Deviation  From  Prerad  fdBI 


TolalDose 

(rad(SI)) 

Lytel-a 

Lytel-b 

Stantel-a 

Stantel-b 

Stantel-c 

100K 

+  .03 

+  .02 

+  .26 

+  .34 

+  .22 

1  M 

-.23 

-.14 

+  .14 

+  .22 

+  .03 

26M 

-.02 

-.02 

+  .09 

+  .16 

+  .04 

Table  6.  LED  Output  Power  Radiation  Effects 


PIN  Photodiode  Characteristics 

InGaAs  PIN  photodiodes  are  typically  used  in 
medium  speed  1 .3pm  fiber  optic  receiver 
applications.  The  structure  of  these  PIN  photodiodes 
can  be  mesa  or  planar  and  operate  with  either  front 
or  back  illumination.  The  spectral  response  of  the 
InGaAs  material  provides  a  relatively  high  value  of 
responsivlty  (.6  to  .8  A/W)  in  the  1.3pm 
wavelength  region. 

Other  important  PIN  photodiode 
characteristics,  for  the  application  being 
considered,  are  response  speed,  reliability  and  dark 
current.  A  PIN  photodiodes  response  speed 
(rise/fall  time)  is  also  directly  related  to  the 
devices  photosensitive  window  area.  A  larger  area 
results  in  greater  device  capacitance  which  results 
in  a  slower  response  speed.  Currently  available 
commercial  InGaAs  photodiodes  (125  pm 
photosensitive  diameter  or  less)  with  TO  style 
packaging  are  specified  with  rise/fall  times  ranging 
form  .3ns  to  2.0ns. 

Accelerated  life  tesling  of  planar  InGaAs 
photodiodes  has  been  extensively  performed  with  the 
thermal  activation  energy  for  these  devices  ranging 
between  .85eV  and  1.5eV.18'19  These  figures  lead  to 
failure  rates  for  70°C  operation  ranging  from  a  high 
of  .0036%  failures/decade  to  a  low  of  .000022% 
failures/decade.  It  should  be  noted  that  failures  in 
these  studies  is  achieved  when  a  ten  fold  increase  of 
dark  current  from  the  original  value  is  obtained  .  It 
Is  often  cited  that  the  planar  structure  has  been 
shown  to  be  more  reliable  and  immune  to 
environmental  conditions  than  a  mesa  structured 


device  due  to  the  ease  of  passivation  with 
SjN  20.21,22 

A  PIN  photodiode’s  dark  current  (or  reverse 
leakage  current)  is  the  intrinsic  current  produced 
even  when  no  optical  power  is  Incident  upon  it.  The 
dark  current  is  very  dependent  on  the  both  device 
temperature  (positive  correlation)  and  the  area  of 
the  photosensitive  surface  (positive  correlation). 

A  survey  of  manufacturer's  specifications 
shows  that  most  commercial  InGaAs  photodiodes 
(125pm  photosensitive  diameter  or  less)  exhibit  a 
dark  current  of  between  1  and  10  nA  at  25°C.  The 
relationship  of  dark  current  to  temperature  has 
been  described  by  others  as  (Eq.  1)  Id  »  e’Eg/nl<T 
for  operation  over  20°C  to  100°C.  Eg  is  the  bandgap 
energy,  K  is  Boltzmanns  constant,  T  is  the 
temperature  in  Kelvin  and  n  is  between  1  and 
2.23,12  The  targe  dark  current  at  high 
temperatures  drastically  increases  the  shot  noise 
contribution  of  the  photodiode  at  the  receiver  and 
along  with  the  increasing  thermal  noise  (based  on 
the  load  resistor)  can  dramatically  affect  receiver 
sensitivity. 

With  the  exception  of  leakage  current,  InGaAs 
photodiodes  have  shown  no  degradation  of  optical  and 
electrical  characteristics  for  a  total  dose  of  up  to 
1 08rads(Si).1 4  The  dark  current  exhibited 
increases  up  to  a  factor  of  six  from  pre-irradiation 
values. 

Transient  radiation  within  the  PIN 
photodiodes  operating  environment  creates  radiation 
induced  current  which  is  similar  to  dark  current. 
For  dose  rates  of  up  to  at  least  1x104rads(Si)/s 


532  International  Wire  &  Cable  Symposium  Proceedings  1990 


this  radiation  induced  current  will  be  Insignificant 
compared  to  the  nominal  dark  current  of  an  InGaAs 
PIN  photodiode  (125  pm  diameter). 

PIN  Photodiode.  Testing 

The  planar  PIN  photodiode  samples  tested 
were  a  Lytel  TO-18  packaged  device  and  a  Telcom 
TO-18  packaged  device.  As  with  the  LEDs  the 
photodiodes  were  placed  in  SMA  device  receptacles 
and  then  mounted  on  the  test  circuit  board 
schematically  shown  in  Figure  5. 

Unfortunately  only  two  photodiode  test 
samples  were  available  for  thermal  cycle  testing. 
The  devices  were  connected  to  an  optical  light  source 
in  the  same  fashion  that  the  LEDs  were  connected  to  a 
output  power  meter.  A  -5V  bias  was  continually 
supplied  to  the  devices  during  the  thermal  cycling. 


Both  the  dark  current  and  the  current  produced  with 
a  1.3pm  optical  source  at  a  stable  intensity  were 
measured.  Throughout  the  temperature  cycling  tests 
the  dark  current  and  optical  response  currents  were 
very  consistent  at  a  given  Individual  temperature. 
Table  7  displays  the  average  currents  measured  for 
the  three  temperatures. 
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Figure  5.  PIN  Photodiode  Test  Circuit 


Telcom  Lytel 

AT&T  10m  RaychemlOm 


TemD.  (2C1 

DarkfnA!  . 

lllum/nAI 

DarkfnA) 

lllumfnAi 

-65 

0.6 

1530 

0.6 

2270 

+  25 

35 

1992 
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Table  7.  PIN  Photodiode  Temperature  Cycling  Results 


The  large  dark  current  seen  at  room 
temperature  for  the  Telcom  device  is  outside  the 
manufacturers  specification  but  the  trends  exhibited 
by  both  devices  are  notable.  An  extreme  increase  in 
dark  current  at  high  temperatures  is  seen  in  both 
devices. 

The  devices  both  exhibit  a  significant  current 
decrease  for  incident  optical  power  measurements  at 
-65°C.  These  low  temperature  current  losses  are 
partially  attributed  to  the  fiber  power  losses  seen  in 
the  fiber  thermal  cycling  tests  but  low  temperature 
photodiode  characteristics  may  also  be  contributing. 

Llnk..Budaet  Analysis 

A  link  budget  for  a  1300nm  spaceborne  ring 
network  fiber  optic  node  to  node  connection  can  tie 
calculated  using  the  information  presented.  The  link 
budget  in  Table  8  is  for  a  link  consisting  of  a  surface 
emitting  SMA  connectorized  LED,  AT&T  62.5pm  core 
fiber  (tight  buffer  jacket  loss  estimated)  and  a  SMA 
bulkhead  interconnect.  Similar  positive  link 
margins  can  be  calculated  for  the  other  components 
evaluated.  The  minimum  loss  case  assumes  the 
largest  LED  fiber  power  launch  and  no  channel  loss. 

LED  Fiber  Power  Launch  -18.2dBm 

(average  50%  duty  cycle)  (15pW) 


+1.4dB 

LED  Lifetime  Delta 

-1.0 

dB 

Bulkhead  Connector 

-1.0 

dB  (est.) 

Connector  Delta  (-65  to  150°C) 

-0.5 

dB  (est.) 

Fiber  (30m) 

•0.1 

dB 

Fiber  Delta  (-65  to  150°C) 

-2.0 

dB  (est.) 

Fiber  Della  (1x107rad(Si)) 

-2.3 

dB 

Fiber  Output  Power  (min) 

•27.8  dBm 

(max) 

-16.8  dBm 

Table  8.  Sample  Link  Budget  Calculations 


Commercially  available  FDDI  receivers  are 
specified  with  a  worst  case  -31  dBm  sensitivity 
(average  power  output  from  a  62.5pm  fiber)  for 
2.5x1  O'10  BER  at  125Mbaud.28  However,  these 
receivers  are  typically  only  specified  for  operation 
up  to  70°C.  As  temperature  increases  higher  the 
shot  noise  contribution  of  the  PIN  photodiode's 
rapidly  increasing  dark  current  will  overtake  the 
thermal  noise,  due  to  the  receiver's  front  end  load 
resistance,  as  the  dominant  noise  source  in  the 
receiver.  This  will  drastically  reduce  the  receiver's 
sensitivity.  Thus,  it  may  be  necessary  to  provide 
control  of  high  temperatures  in  the  electronics  bay 
housing  the  fiber  optic  receiver. 


LED  Delta  (-65  to  +150°C)  -2.9dB 


International  Wire  &  Cable  Symposium  Proceedings  1990  533 


Star  coupled  fiber  optic  networks  represent 
an  alternative  to  the  ring  approach  used  In  FODI. 
However,  the  introduction  of  an  optical  star  coupler 
would  add  a  large  signal  loss  between  stationsflOdB 
for  an  8x8  star  coupler).  This  is  severe  and  any 
realistic  positive  link  margin  for  a  star  network  in 
a  space  application  would  seem  unattainable.  In 
summary  Table  8  shows  that  ample  link  margin 
exists  for  a  spaceborne  1.3pm  ring  network  using 
currently  available  components. 

Besides  the  establishment  of  a  viable  link 
margin  for  a  spaceborne  network  other  issues 
require  further  investigation.  At  the  component 
level  these  include  effects  of  the  space  environment 
on  LED  and  photodiode  bandwidth  and  the  electronic 
transmitter  and  receiver  circuitry.  System  issues 
include  network  fault  tolerance  and  most 
importantly  an  analysis  of  the  benifits  and 
detriments  in  the  areas  of  power,  weight, 
complexity,  noise  immunity  and  throughput  that 
fiber  optics  provide  for  a  particular  application. 
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ABSTRACT 

The  rapid  evolution  toward  digital 
technologies  will  provide  a  varied  and  powerful 
types  of  technical  communication  facilities. 

All  types  of  information  are  handled, 
transferred,  processed  and  stored  by  uniform 
digital  techniques.  This  requires  the  availability 
of  high  capacity  digital  transmission  media. 

For  this  reason  SIP,  Italian  Telecommunication 
Operating  Company  is  strongly  involved  in  a 
development  programme  of  optical  fibres  for  the 
junction  and  trunk  network,  and  at  the  same 
time  is  improving  the  performance  of  the 
subscriber  network  with  the  introduction  of  a 
new  family  of  multipair  copper  cables. 

Bearing  in  mind  that  the  key  for  the  successful 
introduction  of  the  fibre  in  the  subscriber  loop  is 
the  availability  of  POTS  services  with  fibre  at 
competive  costs  compared  with  the  copper  ones, 
several  experiment  with  innovative  technologies 
are  in  a  development  stage. 


INTRODUCTION 

SIP  is  responsible  in  Italy  for  the  provision 
of  TLC  services  at  national  level.  To  face  the 
growing  and  more  and  more  diversified  needs  of 
the  market  with  adequate  network 
infrastructures  and  service  offering,  SIP  is 
currently  engaged  in  a  complex  restructuring 
and  modernization  process  at  technological, 
structural  and  operative  level. 

The  growth  of  investments  is  a  significant 
measure  of  the  SIP  effort  in  developping  and 
modernizing  the  telecommunication  network.  By 
the  launching  in  1988  of  an  accelerated 
development  plan  (named  "Europe  Plan"),  the 
SIP  investments  passed  from  about  5000  billion 
lire  in  1987  to  5900  and  about  7800  billion  lire 
in  1988  and  1989  respectively;  the  total 
investments  in  1990  is  9000  billion  lire  and  in 
the  period  1991-1994  is  foreseen  about  40000 
billion  lire. 


STRATEGIC  GUIDELINES 

The  strategic  guidelines  for  the 
development  of  the  TLC  network  and  services 
can  be  summarized  by  the  following  key  issues: 

Development  of  the  basic  telephone  service 

A  first-priority  target  is  to  assure  a 
subscriber  and  traffic  growth  rate  of  the 
network  coherent  with  the  maximum  potential 
demand,  in  order  to  line  up  Italy  to  the  most 
developped  countries  in  Europe.  The  subscriber 
lines  will  grow  from  the  present  22  millions  to 
more  than  25  millions  in  1993  at  an  average 
annual  growth  rate  of  4.9%.  The  annual  growth 
rate  of  the  traffic  is  expected  to  be  higher  (6%  in 
average)  passing  in  the  same  period  from  24  to 
more  than  30  billion  calls  per  year. 


Improvement  of  the  quality  of  service 

The  objective  of  an  outstanding  quality  of 
the  network  and  the  offered  services  is  essential. 
From  the  network  strategy  point  of  view,  the 
key  factors  to  improve  the  quality  of  the  service 
are  the  modernization  of  the  network 
infrastructures,  the  deployment  of  the  most 
advanced  technologies,  the  development  of 
integrated  operation  support  systems  allowing 
for  a  centralized  real-time  management  of 
network  traffic  and  facilities. 


Digitalization  of  the  network 

The  digitalization  of  transmission  and 
switching  facilities  is  essential  to  pave  the  way 
for  the  introduction  of  new  services,  the 
improvement  of  the  quality  standards  and  the 
consequent  incentivation  of  the  traffic  growth. 
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Development  of  specialized  data  networks 

The  continuing  high  growth  rate  and  data 
transmission  market,  near  to  20%  per  year, 
entails  the  upgrading  and  the  development  of 
the  public  data  networks,  namely  RFD  (circuit- 
switched  network  for  voice  and  data),  Itapac 
(packed-switched  network),  and  CDN  for  the 
provision  of  digital  leased  lines. 

A. 

Introduction  of  new  technologies 

Among  the  newer  technologies  allowing  for 
enhanced  service  offering,  an  important  role  is 
played  by  ISDN;  the  pilot  Network  will  be  open 
in  1991  in  10  major  metropolitan  areas 
collecting  initially  3000  subscribers;  the 
widespread  offering  will  start  in  1993  with  the 
massive  diffusion  of  ISDN  functionalities  in  the 
basic  digital  network  and  the  foreseen 
interconnection  to  the  other  European  networks. 
The  laying  of  optical  fibre  cables,  beside  rapidly 
increasing  in  the  trunk  transmission  network, 

will  be  gradually  extended  to  the  subscriber  loop 
plant;  the  initial  target  is  to  provide  early 
availability  of  high  bit  rate  capacity  and 
wideband  services  to  major  business  customers 
in  large  metropolitan  areas. 

Evolution  of  the  network  management  systems 

The  automation  of  operation  procedures 
and  the  introduction  of  more  advanced  network 
management  systems  that  SIP  has  already 
introduced,  made  easier  and  more  efficient  in  a 
digital  network  environment,  is  a  driving  force 
to  improve  the  quality  of  service  and  to  increase 
the  operation  efficiency  (costs  reduction  of 
operation  and  maintenance). 


EVOLUTION  OF  THE  DIGITAL  NETWORK 

The  first  introduction  of  digital  switching 
into  the  Italian  network 

began  in  1980  at  transit  level  and  in  1984  at 
local  level.  Now  the  industrial  reconversion  cycle 
is  completed  and  from  1989  only  digital 
switching  is  supplied. 

At  the  end  of  1989  the  total  subscriber  digital 
lines  installed,  add  up  to  about  5.8  million,  i.e. 
25%  of  the  total  23.9  million  lines;  the 
percentage  of  digital  subscriber  lines  will  reach 
the  55%  at  1993. 


Sensibly  greater  is  the 
digitalization  rate  in  the  transit  switching  side, 
where  from  the  present  50%  we  will  reach  the 
85%  of  digital  trunks  at  1993. 

In  the  trunk  transmission  network,  presently 
consisting  of  55  million  km-circuits,  the  first 
PCM  transmission  systems  were  introduced  in 
the  early  '60ies  at  progressively  increasing  bit 
rate  from  2  Mbit/s  to  8  and  34  Mbit/s,  on  both 
copper  cables  and  radio  links;  more  recently 
higher  capacity  systems  at  140  and  565  Mbit/s 
has  been  introduced,  mainly  on  fibre  optical 
cables.  Since  1986  no  copper  cable  is  installed, 
with  the  exception  of  the  loop  plant. 

Depending  on  the  technical  availability  and  the 
economic  application  areas  of  PCM  systems, 
together  with  the  digital  switching  development 
trend  at  the  different  hierarchical  levels,  the 
penetration  of  digital  systems  in  transmission 
network  is  rather  different  on  the  short 
distances  with  respect  to  the  medium  and  long 
distances,  in  the  period  1989  to  1993  the 
percentage  of  digital  km-circuits  is  increasing 
from  35%  to  60%  in  the  local  network,  from  77% 
to  100%  in  the  SIP  trunk  network. 

The  extension  of  the  fibre  optical  network  is 
presently  equal  to  5600  Km-cable  and  will  grow 
to  27500  km-cable  in  1992.  At  this  end,  beside 
the  large  deployment  of  optical  cables  at 
metropolitan  and  regional  level,  a  nationwide 
optical  network  will  be  available,  having  a 
capacity  and  a  meshing  degree  sufficient  to 
guarantee  multirouting  and  protection  rerouting 
against  severe  congestions  or  catastrophic 
failures. 


STRIICTI  IRE  OF  THE  CARLE  NETWORK 
Junction  and  trunk  network 

The  experience  acquired  during  the  last 

three  years  (1987-1989)  of  field  applications 

allowed  to  confirm  the  excellent  performance  of 
the  optical  cables  and  systems  in  operative 
traffic  conditions. 

Starting  from  middle  '86,  as  soon  as  the  single 
mode  fibre  became  reliable  and  convenient  from 
the  economical  point  of  view,  after  the  necessary 
field  trials,  this  technology  was  gradually 

introduced  in  the  network  with  the  installation 
of  cables  for  38.000  Km  of  fibre  in  1987,  97.000 
in  1988  and  approximately  180.000  Km  in  1989. 
Taking  into  account  the  cable  performances  and 
the  traffic  need  a  medium/high  count  fiber  cable 
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has  been  developed  both  for  underground  and 
aerial  installation. 

The  fibre  used  is  single  mode  optimized  at  1300 
nm  with  matched  cladding  index  design.  In  Table 
1  the  optical  characteristics  of  such  fibre  are 
reported.  The  cable  for  trunk  and  junction 
network  application  has  a  loose  slotted  core 
structure  with  number  of  fibres  ranging  from  10 
to  60.  In  order  to  reduce  the  size  of  the  cable  the 
fibres  are  stranded  together  in  bundles  of  ten  for 
the  underground  cable  (Fig.  1)  and  in  bundles  of 
five  for  the  aerial  cable. 

The  cable  is  jelly  filled  with  PU  and  PE  inner  and 
outer  sheaths  with  a  double  layer  of  aramidic 
yarns  as  pulling  element. 

In  the  underground  cable  an  heat  welded 
stainless  steel  corrugated  tape  0.15  mm  thick, 
acts  as  humidity  barrier  and  rodents  protection. 
In  Table  2  the  mechanical  characteristics  of  the 
optical  cables  above  described,  are  reported. 

The  cables  are  presently  equipped  with  34 
Mbit/s,  140  Mbit/s  and  565  Mbit/s  transmission 
systems.  The  565  Mbit/s  system  at  1550  nm 
operational  wavelenght  is  already  installed  (by 
June  1989);  the  high  performances  and  the 
excellent  results  obtained  (typical  repeter  span  = 
80  km)  with  such  transmission  system  are  a 
reason  to  continue  its  application  in  the  long 
distance  network  plants. 

The  total  quantity  of  fibre  installed  by  the  end  of 
1990  adds  up  to  about  625.000  km. 

This  value  includes  both  Subscriber,  Junction  and 
Trunk  network  (Fig.  2). 

At  the  end  of  1990,  among  the  systems  at  565 
Mbit/s  already  installed  and  those  which  are 
being  installed,  the  resulting  extension  is: 

-  565  Mbit/s  (  1300  nm)  systems: 

25.000  km/system 

-  565  Mbit/s  (  1550  nm)  systems: 

6000  km/system 

The  next  step  takes  into  consideration  systems  at 
higher  bit-rate.  Currently  SIP  is  considering  the 
opportunity  to  introduce  in  the  network  the  2.4 
Gbit/s  system,  bearing  16  bit  streams  at  139,264 
Kbit/s,  for  which  the  repeater  span  will  remain 
similar  to  the  present  565  Mbit/s  (  so  the 
allowed  attenuation  between  the  point  S  and  R  is 
likely  to  be  equal  to  24  dB). 


Subscriber  Network 

Starting  from  the  end  of  1988  a  new 
generation  of  multipair  copper  cable  (fully  colour 
coated  structure,  following  IEC  708/1  standard) 
has  been  introduced  in  the  subscriber  network, 
in  order  to  meet  the  requirements  of  the  2 
Mbit/s  transmission  lines  that  link  the  digital 
loop  carriers  (30  channels  multiplexers)  to  the 
digital  local  switches. 

The  design  of  the  new  multipair  copper  cable  has 
been  studied  to  improve  high  frequency 
characteristics. 

The  copper  wire  (0  =  0.4  mm  )  is  Polyethylene 
insulated  and  twisted  in  pairs.  The  pairs  are 
combined  together  to  form  the  10  and  then  100 
pairs  units. 

The  cable  ranges  from  10  to  2400  pairs,  can  be 
jelly  filled  and  has  Polyethylene/Aluminium 
inner  and  Polyethylene  outer  sheaths.  Both 
armoured  (steel  tape)  and  unarmoured  solutions 
are  used. 

In  order  to  guarantee  the  final  product  quality 
and  performances  of  such  cables  a  quality 
assurance  programme  is  under  development  in 
cooperation  with  the  manufacturer  industries. 
The  multipair  copper  cables  have  been 
extensively  used  in  Italy  during  1989  for 
distribution  network:  6  Million  km/pair. 

The  future  overall  program  foresee  for  1990  and 
1991  years,  approximately  15  Million  km/pair. 
Furthermore  it  is  remarkable  the  introduction,  in 
near  future,  of  400  channels  multiplexers. 

The  possibility  to  use  optical  cables  for  business 
subscribers  network  is  rapidly  growing. 
Nowadays  there  are  more  than  30.000  km/fiber 
in  the  subscriber  network. 

The  problems  to  be  solved  in  these  applications 
are  several.  Field  demonstrations  of  fibre  based 
broadband  networks  have  generally  been 
successful!  from  a  technical  point  of  view,  but 
the  link  cost  for  POTS  services  is  still  high  and 
this  is  the  main  drawback  to  a  widespread 
diffusion. 

As  a  consequence  the  key  for  the  successful 
introduction  of  the  fibres  into  the  subscriber 
loop  is  a  drastic  reduction  of  the  cost  of  the 
involved  technologies,  that  can  be  obtained  for 
example  with  mass  production  of  the 
components,  large  scale  integration  of  the  optical 
and  electronic  devices,  system  optimization, 
improvement  of  manufacturing  process. 
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In  this  scenary  a  very  interesting  solution  is 
offered  by  the  ribbon  technology  already  used 
with  good  results  by  other  companies.  SIP  is 
seriously  considering  ribbon  technology  for 
distribution  network  with  the  goal  of  giving  to 
residential  subscriber  POTS  services  on  fibre  at  a 
competitive  price  if  compared  with  the  copper 
ones.  In  this  way  the  netwoik  will  be  ready  for 
the  implementation  of  new  services. 

With  these  targets,  and  in  order  to  make 
experience  with  this  new  technology  some 
experimental  plants  are  under  development  and 
will  be  completed  at  the  end  of  1990. 

In  this  case  each  ribbon  contains  4  fibres;  the 
cable  has  a  semiloose  slotted  rod  (  5  slots  )  with 
5  ribbon  inserted  into  each  slot  to  form  a  100 
optical  fiber  unit  (Fig.  3). 

The  maximum  fibre  count  up  to  now 
manufactured  in  Italy  is  400,  but  major 
potentiality  cables  can  be  designed. 

The  cable  is  jelly  filled  with  PU  and  PE  inner  and 
outer  sheaths  with  a  double  layer  of  aramidic 
yarns  as  pulling  element. 

An  heat  welded  stainless  steel  corrugated  tape  is 
used.  The  cable  design  and  the  fibre  used  (single 
mode  type)  is  studied  to  guarantee  the 
mechanical,  environmental  as  well  as  optical 
performance  both  1300  nm  and  1550  nm 
wavelengths. 


CONCLUSIONS 

The  dramatic  evolution  of  the  Italian  cable 
network  will  continue  in  order  to  support  the 
change  from  analog  to  digital  technology  with 
the  goal  of  properly  satisfying  the  market 
pressure  and  giving  new  services  and  better 
quality  to  the  subscribers. 

The  SIP’s  network  is  continuosly  evolving 
toward  new  technologies  and  solutions  that  show 
high  quality  to  support  both  the  various 
telecommunications  services  expected  and  the 
raising  of  random-demand  of  new  services  from 
subscribers. 

Both  a  new  generation  of  multipair  copper  cables 
for  subscriber  network  and  optical  fibre  cables 
for  trunk  and  junction  network  are  extensively 
used  with  excellent  results  and  better  quality; 
moreover  a  new  generation  of  optical  fibre 
ribbon  cables  for  local  loop  have  been  designed 
to  be  on  time  with  the  world  technical  evolution 
and  to  be  ready  for  the  implementation  of  new 
services,  mostly  for  broadband  applications, 
developping  the  "Fiber  to  the  Home"  project. 
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SINGLE  MODE  FIBRES 
OPTICAL  CHARACTERISTICS 


STANDARD 

REDUCED 

MODE  FIELD 

DISPERSION 

SHIFTED 

1300  nm 

1300  nm 

1550  nm 

1550  nm 

CORE  DIAMETER  (  m) 

10 

9.5 

10.5 

8.1 

CLADDING  DIAMETER  ( J*  m) 

125 

125 

125 

125 

PRIMARY  COATING 

DIAMETER  (^"1) 

250 

250 

250 

250 

ATTENUATION  (dB/km) 

O 

CO 

• 

o 

bt 

0.31  -  0.45 

=<  0.25 

0.20-0.28 

CHROMATIC  DISPERSION 
(ps/nnTkm) 

T- 

co 

V 

II 

=<  3.1 

=<  18 

=<  3.0 

CUT-OFF  WAVELENGTH 

1100-1290 

1150-  1290 

1150-1290 

1120-1320 

TABLE  1 


MECHANICAL  CHARACTERISTICS  OF  CABLES 


NUMBER  OF  FIBRES 

10  -30 

40-50 

60 

100 

OUTER  DIAMETER  (mm) 

18 

19 

19.5 

22 

WEIGHT  (kg/km) 

<280 

<320 

<350 

<450 

MAX  PULLING  STRENGTH  (KN) 

2.5 

3 

3 

4 

PERCUSSION  RESISTANCE  (J) 

>20 

>20 

>20 

>20 

CRUSHING  RESISTANCE  (KN) 

>15 

>15 

>15 

>15 

MINIMUM  BEND  RADIUS  (mm) 

250 

250 

250 

300 

TABLE  2 
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EVOLUTION  OF  FRANCE  TELECOM’S  TRANSMISSION 
AND  DISTRIBUTION  NETWORKS 


Jean  LE  MEZEC 

Centre  National  d’Etudes  des  Telecommunications 
Fiance  Telecom,  Lannion,  France 


Abstract 

Some  of  the  main  features  which 
characterize  the  France  Telecom’s  network  will  be 
first  reviewed  :  they  include  a  high  digitalisation  of 
the  network,  the  introduction  of  an  extensive 
videotex  service  known  as  MINITEL,  availability 
of  ISDN  at  every  point  of  the  national  territory, 
the  development  of  videocommunication 
networks.  The  evolution  trends  in  each  part  of  the 
network  will  then  be  analysed  :  trunk  network, 
local  transmission,  subscriber  loops. 


France  Telecom’s  network 
has  undergone  a  profound  evolution  over  the  past 
twenty  years,  an  evolution  which  will  become  even 
more  pronounced  during  the  next  ten  years.  When 
assessing  the  evolution  of  the  architecture  of  the 
network,  the  services  it  offers  and  the  mode  of 
transfer  of  signals,  it  is  important  to  take  a  long 
term  view  ;it  is  even  more  crucial  when  analysing 
the  evolution  of  the  infrastructure  radio  towers, 
cables  and  associated  equipment.  This 
infrastructure,  which  represents  a  considerable 
amount  of  investment  evolves  to  keep  pace  with 
the  demand  of  services  and  the  technological 
improvement  ;  the  pace,  of  course,  will  be 
dramatically  acceler;  t  .d  when  a  new  technological 
breakthrough  is  made  in  the  relevant  field.  The 
successive  breakthroughs  in  optical  techniques,  in 
microelectronics  and  in  signal  processing  were,  - 
and  wil'  be  in  the  future,  -  accelerating  factors  in 
the  evolution  of  the  network. 


A  similar  long  term  evolution 
of  the  telecommunication  network  is  taking  place 
in  all  developped  countries.A  similar  observation 
can  be  made  in  all  major  technical  domains.  Some 
sociologists  call  this  effect  "the  autonomy  of 
technique”,  [1]  a  worldwide  phenomena, 
independant,  in  its  long  term  aspects,  of  the  first 
decisions  taken  in  each  country.  As  an  example,  we 
observe  that  all  countries  have  adopted  digital 
techniques  for  switching  and  transmission, 
whatever  were  the  first  choices.  Similarly,  all 
countries  are  turning  to  optical  fibers,  as  the  main 
transmission  medium. 

However,  each  country 
differs  fiom  the  others  in  the  short  term,  as  a  result 
of  local  factors,  such  as  national  regulations  (are 
you,  for  instance,  allowed  to  transmit  TV  channels 
right  to  the  home,  or  not)  or  geographical  factors 
(large  or  small  cities,  distances,  mountains  for 
instance).  Moreover,  in  order  to  understand  the 
short  term  trends,  one  must  examine  historic 
factors  which  determine  the  present  state  of  the 
telecommunication  network  in  each  country, 
including  strategic  decisions  taken  by  the  country 
in  question.  For  France,  such  decisions  concerned 
digitalisation,  videotex  and  videocommunication. 

Accordingly,  let  us  begin  bv 
describing  the  dominant  features  which 
characterize  the  France  Telecom  network  before 
examining  the  major  trends  governing  the  long 
term  evolution  in  each  part  of  the  network. 


The  France  Telecom  network 
is  mainly  devoted  to  telephone  appliances  and,  at  a 
smaller  extent,  to  data  communication,  including 
videotex.  For  a  French  population  of  56  million, 
we  have,  in  1990,  approximately  27  subscriber 
lines.  Almost  every  nome  is  connected  to  the 
telephone  network,  some  subscribers  have  two  or 
more  telephone  lines,  and  a  large  number  of 
business  users  have  their  own  PABX  connected  to 
the  main  network. 
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The  mean  feature  of  this  basic 
telephone  network,  -  used  also  for  data 
transmission,  -  is  its  high  degree  of  digitalisation. 
Let  us  quote  the  following  figures,  valid  by  the  end 
of  1988  and  improved  on  over  the  last  two  years, 
which  represent  the  percentage  digitalisation  of 
different  parts  of  our  telephone  network : 

-  63  %  of  the  local  exchanges ; 

-  68  %  of  the  trunk  exchanges ; 

-  93  %  of  local  transmission ; 

-  69  %  of  trunk  transmission. 

In  order  to  understand  the 
relevance  of  these  figures,  it  would  be  necessary  to 
give  a  thorough  description  of  the  local  telephone 
network.  Some  indications  will  be  given  later  in 
this  paper,  but,  for  the  time  ?)C'ing,  let  us  say  that 
these  figures  are  a  result  of  the  early  technical 
decision  taken  around  1970,  in  favor  of  digital 
switching  and  transmission  techniques  at  a  time 
where  other  countries  opted  for  spatial  electronic 
switching.  As  a  consequence,  every  French 
subscriber,  -  residential  or  professionnal,  -  can  be 
connected  upon  request  by  a  digital  link  to  the 
national  digital  network. 

This  possibility  explains  the 
early  commercial  opening  and  rapid  extension  of 
ISDN  in  France,  -  our  so-called  NUMERIS 
system  :  commercial  opening  for  the  basic  rate  of 
144  kbit/s  in  december  1987  and  for  the  primary 
rate  of  2  Mbit/s  in  September  1989  ;  national 
coverage  in  1990.  This  rapid  growth  is  possible  as  a 
result  of  manv  factors  :  high  level  of  digitalisation 
of  the  network  ;  digital  connexity  through  the 
whole  territory  since  1986  ;  synchronisation  of  the 
whole  network  (for  the  2  Mbit/s  channels)  since 
1987  ;  implementation  of  CCITT  nr.  7  common 
channel  signalling  system,  started  in  1987  and  to  be 
completed  in  1990  ;  use  of  CSN  system  (digital 
subscriber  access  unit),  one  at  least  in  every  local 
exchange  in  1990.  Let  us  recall  that  this  digital 
connexity  is  not  obtained  by  an  overlay  network, 
but  by  the  use  of  the  main  network  itself. 

Even  before  the  extension  of 
ISDN,  a  variety  of  data  communication  services 
are  offered  through  the  telephone  switched 
network :  they  are  generally  at  a  rather  low  bit  rate 
(1,2  kbit/s  to  9.6  kbit/s  or  even  64  kbit/s ;  however 
TRANSMIC  services  offer  2  Mbit/s  channels. 

The  TRANSPAC  system  is  a 
fast  packet  switched  network,  which  is  said  to  be 
the  first  in  the  world  with  more  than  60,000  direct 
access  points  and  a  traffic  of  2000  billions 
characters  per  month.  It  is  used  to  fulfil 
professional  uses  and  to  connect  big  service 
providers  to  our  videotex  network,  the  so-called 
MINITEL  service. 


The  later,  which  is  fully 
operational  has  an  exceptional  extension  :  by  the 
end  of  1988,  there  were  in  service  4,2  million 
MINITEL  terminals,  to  be  compared  with  the 
figure  of  27  million  telephone  subscribers.  The 
majority  of  offices  have  a  MINITEL  terminal,  as 
well  as  a  great  number  of  homes,  connected 
through  their  copper  pair  telephone  line. 

A  new  activity  for  France  Telecom  mrovidine 
videocommunication  networks. 

According  to  French  law, 
France  Telecom  is  authorized  to  provide  cable  TV 
directly  to  the  home  and  we  are  now  engaged  in 
extensive  cabling  for  video  services. 

In  1982,  when  the  French 
government  decided  to  promote  a  national  TV 
cabling  plan,  France  Telecom  had  a  monopole  on 
cable  communication,  including  TV  distribution. 
Since  then,  new  regulations  have  been  established 
(1987,1990)  and  this  field  is  now  open  to 
competition.  For  its  share,  F.T.  has  a  contract  with 
52  large  cities  for  TV  cabling,  which  involve  the 
installtion  of  the  equipment  necessary  for  cabling 
4.500.000  homes  in  1992.  At  first  all  these  homes 
will  not  be  connected  to  the  network  :  the  terminal 
connection  will  be  made  only  upon  request,  but  the 
required  equipment  will  be  available  at  the 
distribution  center. 


As  everybody  knows,  two 
techniques  are  in  competition  :  coaxial  cables  and 
optical  fibers.  Techno-economical  parameters, 
industrial  problems,  the  possibility  of  introducing 
services  other  than  conventionnal  TV  distribution 
are  some  of  the  factors  to  be  considered  in  the 
difficult  choice  between  these  two  techniques. 
Additionnal  local  factors  can  be  determinative.  As 
a  result,  700.000  TV  distribution  lines  are  planned 
to  be  made  of  optical  fibres.  The  rest  will  rely  on 
coaxial  terminations  to  the  subscriber’s  home.  But 
in  any  case,  both  kind  of  networks  will  use  optical 
fibers  for  the  transmission  of  signals  between  the 
head-end  and  the  distribution  centers. 

During  the  last  thirteen  years, 
a  large  amount  of  experience  in  the  field  of  optical 
videocommunication  techniques  has  been  gained 
in  France,  bath  in  F.T.  (including  CNET)  and  in 
industry.  Ihe  Biarritz  experiment,  launched  in  the 
late  70’S  is  well-known  and  we  shall  not  go  over  it 
in  detail  in  this  paper.  This  experiment  concerned 
1500  subscribers,  who  benefited  from  both 
distributive  services  (mainly  TV  distribution)  and 
interactive  services  (including  picturephone 
services),  in  a  star  switched  network.  This  network 
is  still  in  operation  but  it  has  not  been  designed  to 
be  generalised  to  other  cities.  However,  important 
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conclusions  have  been  drawn  from  this 
experiment,  leading  to  a  more  cost-effective 
system,  centered  on  TV  distribution,  enriched  by 
some  interactive  systems  as  broadband 
information  retrieval. 

For  technico-economical 
reasons,  multimode  fibers  are  used  in  the 
commercial  systems.  The  choice  of  multimode 
fibers  allow  the  use  of  LED’s,  cheaper  than  lasers, 
as  light  sources.  As  a  consequence,  a  limited 
bandwidth  is  available  and  the  basic  service  relies 
on  the  distribution  of  one  TV  channel  (optionnally 
two)  to  each  subscriber  :  so,  the  later  selects  one 
(or  two!  TV  channels  among  15  (or  30)  available 
at  the  distribution  center,  by  using  a  narrow-band 
return  channel.  On  the  other  hand,  systems  with 
coaxial  termination  bring  to  the  home  a  multiplex 
of  15  or  30  TV  channels  and  the  selection  is  made 

B'  ,ie  subscriber  on  his  receiving  equipment. 

owever,  the  coaxial  systems  use  a  tree 
architecture  which  is  not  adapted  to  interactive 
services.  On  the  contrary,  the  star  architecture  of 
the  optical  fiber  systems  permits  the  connection  of 
the  subscriber  to  be  linked  to  the  telephone  and 
ISDN  network.  These  optical  videocommunication 
networks  will  offer  large  scale  experimental  fields 
for  new  services  such  as  pay-per-view  TV  or 
improved  videotex  services.  They  may  represent 
another  step  in  the  evolution  of  the  network, 
where  broadband  distribution  and  narrowband 
interactive  services  are  carried  out  on  the  same 
physical  line,  without  integration  of  signals.[2] 

However,  it  appears  that 
single-mode  fibers  will  be  essential  for  the 
broadband  local  network  of  the  future  as  they  are, 
from  now  on,  for  the  trunk  networks 


BuMins  a  n?w 

As  we  have  seen  before, 
digitalization  of  the  network  was  not  the  main 
reason  for  building  a  new  optical  trunk  network. 
Owing  to  the  high  quality  or  our  relatively  young 
coaxial  cable  network,  togother  with  digital  radio 
links,  a  high  degree  of  digitilisation  of  the  trunk 
network  has  been  obtained.  However,  we  have  at 
least  three  reasons  for  building,  new  optical  trunk 
network  which  is  now  under  construction.^] 

The  first  reason  is  the  need 
for  higher  and  higher  transmission  capacities 
which  can  be  obtained  only  by  the  use  of  optical 
fibers.  Satisfactory  operation  of  the  used  140 
Mbit/s  transmission  systems  was  achieved  without 
great  difficulty.  The  rate  of  4  x  140  Mbit/s  which 
is  becoming  our  standard  rate  originally  caused 
some  problems,  which  have  been  solved :  soldering 
between  coaxial  sections,  high  values  of  reflection 
coefficients  were  the  more  important  of  these 
difficulties.  However  the  rate  of  16  x  140  Mbit/s 
which  will  be  needed  on  large  parts  of  the  trunk 
network  cannot  be  obtained  on  coaxial  lines.  This 
is  a  sufficient  reason  for  installing  optical  fibers. 


A  second  reason  is  the 
possibility  of  improving  the  quality  of  the  network 
with  optical  fibers.  in  terms  of  transmission 
quality,  the  existing  coaxial  network  fulfils  the 
requirements  specified  by  GCITT,  as  shown  by 
long  term  quality  tests  on  the  network.  However,  it 
is  clear  that  an  order  of  magnitude,  at  least,  can  be 
gained  with  optical  fiber  systems.  Another 
important  factor  is  the  small  influence  of  lightning 
on  optical  cables  and  systems  :  to  suppress 
completely  this  effect  on  our  cables,  we  have 
decided  to  use  all-dielectric  optical  cables,  without 
any  metal  part. 

A  third  reason  is  the 
possibility  of  taking  advantage  of  the  large 
bandwidth  of  optical  fibers  to  transmit  additionnal 
bits  for  operation  and  maintenance.  This  is 
obtained  by  the  Synchronous  Digital  Hierarchy 
(SDH)  systems.  The  new  trunk  network  under 
construction  will  use  STM  4  (622  Mbit/s)  and 
STM  16  (2,488  Mbit/s)  systems,  according  to  this 
hierarchy. 

These  reasons  led  F.T.  to 
define  a  "target"  optical  trunk  network,  designed  to 
optimize  investment,  quality,  safety,  operation  and 
maintenance.  The  target  network’s  architecture  is 
based  on  an  interconnection  network  linking  the 
trunk  network  nodes  (trunk  exchange  sites, 
international  gateway  exchanges)  and  on  sector 
networks  which  link  medium-size  cities  to  these 
nodes. 

The  building  of  this  optical 
network  began  in  1987  and  a  large  part  of  it  is 
installed  :  by  the  end  of  1990.  optical  connections 
will  enable  Paris  to  be  linked  to  neighbouring 
countries,  to  submarine  cable  terminals  and  to 
international  satellite  stations.  To  complete  the 
program,  an  average  length  of  about  2000  km  per 
year  will  be  installed  up  to  the  year  1998. 

Such  a  program  involves  civil 
engineering  and  cable  engineering.  To  minimize 
civil  engineering  costs  and  to  allow  for  planned 
extensions,  two  or  three  cable  ducts  are  laid 
simultaneously,  only  one  of  which  is  in  use  at 
present.  Cable  pulling  and  jointing  is  then 
undertaken  according  to  demand. 

The  length  of  cable  pulling 
sections,  which  is  also  the  distance  between 
successive  jointing,  is  2400  meters  in  more  than  90 
%  of  cases  and  we  hope  to  increase  this  length  to 
4800  meters.  Proceed  to  larger  pulling  sections 
seems  to  be  unrealistic,  for  practical  reasons.  We 
use  for  jointing  only  soldering  techniques  in  order 
to  have  a  small  reflection  coefficient.  From  our 
experience,  distributed  feedback  laser  emitters  in 
nigh  bit  rate  systems  operating  with  small 
attenuation  fibers  must  be  used  with  care  to  avoide 
reflections  along  the  line,  which  reduce  the 
performance  of  the  transmission  link. 
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Two  types  of 

cable  structures  are  used  : 

-  the  slotted  core  structure  for  which  France  was  a 
worldwide  leader  producing  the  first  practical 
realizations  as  early  as  1977  [4  1 :  a  10  -  slot  single 
unit  slotted  -  core  structure,  with  up  to  three  fibers 
per  slot  and  a  total  fiber  number  up  to  30  is  used 
as  trunk  cables ; 

-  the  loose  tube  structure  whereby  one  or  more 
fibers  are  protected  by  a  loose-fitting  plastic  tube  : 
this  variety  of  trunk  cables  uses  six  fibers  per  tube 
and  a  varying  number  of  tubes,  giving  a  maximum 
total  capacity  of  36  fibers. 


,  , ,  In  the  two  cases, 

the  cables  are  completely  free  from  metal 
components,  including  the  central  and  outside 
strength  members.  For  instance,  the  central 
strength  member  is  usually  a  Fiber  Reinforced 
Plasticrod.  The  maximum  outer  diameter  of  the 
cables  is  14  mm. 

Two  wavelengths  are 
used  :  1300  and  1550  nm.  For  4  x  140  Mbit/s 
systems,  the  regeneration  span  is  42  km  at  1300  nm 
and  will  be  increased  to  about  80  km  at  1550  nm. 
One  objective  is  to  have  some  stability  in  the 
interconnexion  network  mapping  with  fixed 
position  of  the  nodes,  the  necessary  evolution  of 
this  network  being  obtained  by  adding  new  links 
between  these  nodes. 

This  high  capacity 
trunk  network,  built  year  after  year,  will  be  the 
skeleton  of  the  F.T.  network  of  the  nineties  and 
beyond. 

Local  transmission 

By  local  transmission, 
we  mean  this  part  of  the  transmission  network 
which  is  intermediate  between  the  trunk  network 
and  the  distribution  network.  In  France,  local 
telephone  areas  are  organized  around  local 
telephone  switches  with  routing  capability  (CAA  : 
Centre  h  Autonomie  d’Acheminement).  The 
subscribers  arc  connected  either  directly  to  such  a 
switching  center,  or  the  a  local  switch  which  is 
itself  connected  to  a  CAA,  or  even  to  a  distant  unit 
which  is  itself  connected  to  a  CAA  or  to  a  local 
switch.  In  medium  or  large  cities,  there  can  exist 
many  CAAs.  The  local  transmission  network  is 
made  by  transmission  links  between  these 
switching  centers.  In  each  local  area,  there  is  at 
least  a  CAA  (or  there  will  be  soon,  as  the  network 
is  an  evoluting  structure  that  we  built  year  after 
year)  which  is  connected  to  the  trunk  network.[3] 


We  have  quoted 

before  the  percentage  of  digitilisation  of  the  local 
transmission  network  in  France  :  more  than  93  % 
in  1990.  Although  its  remains  some  coaxial  cables 
and  some  local  radio  links,  it  is  the  part  of  the 
telecommunication  network  where  the  percentage 
on  optical  fibers  is  the  highest.  In  fact,  France 
Telecom  decided  to  implement  optical 
transmission  in  urban  networks,  first  in  Paris,  and, 
more  generally,  in  local  telephone  areas,  using 
multimode  fibers  without  waiting  for  single  mode 
fiber  equipment  to  become  available.  This  decision 
was  based  on  two  main  reasons : 


-  The  proven  technical 
advantage  of  optical  fibers  :  compactness,  light 
weight,  wide-bandwidth,  long-haul  capability 
elimination  of  the  remote  power  feeds  and 
operation  auxiliaries  required  in  metal-cable 
digital  transmission  systems.  In  some  cities  like 
Paris,  the  possibility  to  extend  the  transmission 
capacity  between  switching  exchanges,  by  replacing 
coaxial  cables  by  optical  fiber  cables  pulled  in  the 
same  ducts  was  determinative  from  the  point  of 
view  of  costs  and  nuisances ; 

-  The  economic  advantages  of 
the  optical  solution  over  copper-wire  technique. 
The  advantage  is  particularly  significant  at  34 
Mbit/s,  a  rate  well-suited  to  implement  inter¬ 
exchange  links . 

The  first  test 

links  where  built  in  1980  (Tuileries  -  Philippe 
Auguste  in  Paris)  and  in  1982,  France  Telecom 
began  to  place  volume  orders  for  850  nm  laser- 
diode  systems.  Such  systems  represent  the  majority 
of  the  system  in  service  (about  4500  equipments). 

In  1984,  France 

Telecom  decided  to  favor  less  expensive  1300  nm 
systems  based  on  light  emitting  diodes  (LEDs)  and 
having  a  range  comparable  to  the  850  nm  laser- 
diode  systems.  There  is  more  than  one  thousand 
1300  nm  LED  systems  in  operation. 

The  same 

multimode  fibers  are  used  for  the  two  systems  as 
they  are  specified  in  the  850  nm  and  1300  nm 
windows.  This  gives  to  France  Telecom  local 
transmission  network  a  high  flexibility  to  a'’ apt  the 
network  according  to  the  needs.  Moreover  laser 
diode  systems  at  1300  nm  are  available  for  long 
haul  links  up  to  20  kms :  more  than  a  thousand  of 
such  systems  are  also  in  service. 
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However  single¬ 
mode  fibers  and  systems,  first  developped  for  subm 
arine  links  and  trunk  network  applications,  are 
now  avalaible.  So,  it  was  decided  in  1988  to 
discontinue  the  use  of  multimode  fibers  except  for 
maintenance  operations.  This  decision  was 
motivated  by  tne  considerable  superiority  of 
single-mode  fibers  over  multimode  fibers : 

-  very  low  attenuation  (less 
than  0,4  dB/km  on  the  average,  measured  in  the 
field) ; 

-  very  wide  bandwidth 
(several  GHz/km)  allowing  very  high  bit  rates  : 
140  Mbit/s  or  more  can  be  used  for  these  local 
applications,  which  is  difficult  or  even  impossible 
with  multimode  fibers. 

As  a 

consequence,  a  new  optical  local  transmission 
network  is  the  process  of  being  built.  In  a  few 
number  of  years  the  old  multimode  fiber  network 
will  become  obsolete  and  we  have  to  find  the  best 
management  for  this  important  investment,  made 
in  the  years  80. 

In  this  respect  it 

may  be  interesting  to  pay  some  attention  to  the 
transport  network  feeding  the  distribution  points 
of  our  videcommunication  networks.  They  are,  as  a 
general  rule,  made  of  optical  fibre  cables, 
multimode  first,  single-mode  now.  This  network  is, 
from  a  fonctionnal  point  of  view,  separated  from 
the  local  transmission  telephone  network. 
However  in  some  cities,  like  Marseille,  the  need  of 
building  new  high  capacity  transmission  links  for 
the  transport  part  of  the  videocommunication 
network  induced  important  civil  engineering 
works.  As  a  consequence,  these  works  gave  the 
opportunity  to  build  a  new  optimized  telephone 
local  network,  thus  share  the  costs  between  the 
two  networks  :  it  is  a  first  step  towards  integration 
of  the  networks,  at  the  level  of  the  cable  ducts  or 
at  the  level  of  the  cables  themselves,  on  way  to 
save  up  money. 

To  this 

exception,  the  videocommunication  network  and 
the  telephone  network  remain  physically 
separated,  specially  in  the  subscriber  loop. 

The  subscriber  loop 

Let  us  have  a 

look  at  the  existing  subscriber  loops  which  are 
made  of  copper  pair  cables.  These  loops  constitute 
a  subscriber  network  which  is  made  of  three  parts : 

-  a  transport  section,  from  the 
switching  center  to  a  secondary  repartition  frame ; 

-  the  distribution  section, 
from  this  repartition  frame  to  distribution  points 
feeding  8  to  14  homes ; 


-  the  branching  section 
between  the  distribution  point  and  the  subscriber 
premises. 

The  topology  of  the  subscriber  cable  network  is  of 
the  tree  type  :  the  cables  contain  224  to  2700 
copper  pairs  as  they  come  out  of  the  primary 
repartition  frame  in  the  switching  exchange  and 
are  then  divided  in  smaller  cables  in  duct 
chambers,  up  to  the  secondary  frame  and  then  to 
the  distribution  points  where  the  structure  become 
of  the  star  type.  So,  each  subscriber  has  his  own 
copper  pair  and  the  topology  of  the  overall 
subscriber  line  network  is  ot  the  star  type,  a 
topology  which  is  well  adapted  to  any  interactive 
service  :  we  have  adopted  the  same  topology  on 
our  optical  fiber  videocommunication  network  to 
favour  a  future  offer  of  interactive  services,  beyond 
the  simple  distribution  of  TV  channels,  a  facility 
which  is  difficult  to  obtain  with  tree-type  coaxial 
TV  networks.. 

The  use  of 

secondary  repartition  frames  is  an  important  factor 
bringing  flexibility  to  the  network,  which  helps  to 
adapt  tne  investment  to  the  subscriber  demand.  To 
complete  this  description,  the  following  statistics 
demonstrate  the  average  length  of  the  three  parts 
of  this  network : 

-  transport  :  2000  meters 

(1000  m  in  Paris) 

-  distribution  section  :  600 
meters  (same  in  Paris) 

-  branching  section  :  150 
meters  (50  m  in  Paris) 


The  local 

subscriber  network  of  France  Telecom  is  relatively 
new :  it  has  been  installed,  for  the  main  part,  in  the 
seventies.  The  telephone  equipment  in  homes  is 
such  that  it  leads  to  the  creation  of  few  new  lines, 
apart  from  the  building  of  new  houses.  However  a 
systematic  maintenance  policy  is  applied,  in  order 
to  improve  the  network  reliability  and  to  reduce 
maintenance  costs.  As  a  consequence  of  this 
policy,  together  with  the  ceration  of  new  lines,  the 
subscriber  cable  network  is  updated  and  up¬ 
graded  to  a  rate  of  8  %  per  year. 

The  aging  of 

cables  is  not  important,  as  the  cable  technique  has 
been  improved,  specially  the  properties  of  the 
dielectrics  used  in  cable  design.  Many  tests  have 
been  carried  out  in  the  laboratory  and  on  the 
network  itself.  The  conclusion  is  that  the  life  time 
of  the  existing  subscriber  network  could  be  more 
than  15  years  before  aging  effects  become 
important.  This  result  has  to  be  compared  with  the 
previously  quoted  8  %  updating  and  upgrading 
rate  :  :  consequently,  with  the  present  day  policy, 
we  could  have  a  completely  renewed  subscriber 
network  before  aging  effects  appear. 
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These  subscriber  loops  are 
usually  used  to  transmit  analog  signals  for 

telephone  or  Minitel  service.  It  has  been  proveu 
that  the  copper  pairs  used  can  generally  transmit 
ISDN  digital  signals  at  the  basic  rate  of  144  kbit/s. 
So  the  development  of  ISDN  services  is  not,  by 
itself,  a  factor  which  requires  the  replacement  of 
copper  pairs  by  optical  fibers.  It  has  been  shown 
that  many  of  the  copper  lines  can  support  the 
primary  ISDN  rate  of  2  Mbit/s,  which  is  requested 
by  some  large  business  subscribers.  However,  as  a 
general  rule,  we  prefer  to  lay,  in  such  cases,  optical 
fiber  cables  which  deliver  a  better  digital 
transmission  quality. 


Nevertheless,  the  number  of 
subscribers  requesting  such  a  high  transmission 
rate,  either  for  ISDN  or  for  data  communication,  is 
to  small  to  induce  a  rapid  switching  from  existing 
copper  pair  distribution  networks  to  optical  fiber 
networks.  Valuable  exceptions  are  some  business 
districts  with  a  number  of  large  firm  headquarters  : 
the  new  quarter  of  La  Defense  in  Paris  is  one  of 
them  ana  we  are  laying  in  this  district  a  fair 
number  of  fibers  for  private  subscriber  use, 
including  leased  lines  and  connection  of  PABXS  to 
the  main  network. 


In  order  to  make  more  cost 
effective  the  introduction  of  optical  fibers  for 
professional  users  we  have  designed  new  systems 
which  are  now  under  development. 

One  of  them  is  a  ping  pong 
transmission  system,  called  SAMOS  ’Synchronous 
Alternating  Microprogrammed  Optical  System) 
which  needs  one  single  fiber  and  one  single 
wavelength  to  establish  a  bidirectionnal  digital  link 
between  two  terminal  stations  separated  by  a 
distance  up  to  10  km  [5].  The  laboratory  model 
was  limited  to  5  Mbit/s  total  flow :  it  works  with  a 
LED  as  light  source.  Higher  bit  rates  are  possible 
with  lasers  and  faster  microelectronics.  Such  a 
system  can  be  used  to  address  some  professional 
needs  with  a  flexible  system,  including  PABX 
connection  to  the  network,  plus  data 
communication,  telecopy  and  fast  videotex  service. 

Another  way  of  reducing  the 
cost  is  to  share  the  more  expensive  components 
between  many  users.  Passive  couplers  can  divide 
the  signal  transmitted  on  one  transmission  line 
between  2,  4,  8  or  more  subscribers  depending  of 
the  power  budget.  A  fiber-sharing  network  is 
surtable  for  an  optical  fiber  replica  of  TDMA 
(Time  Domain  Multiple  Access)  commonly  used 
in  satellite  systems,  each  subscriber  being  allocated 
a  time  slot.  Such  a  system  has  been  designed  at 
CNET  under  the  name  of  MOLENE 
(Multiplexer  Optique  pour  Ligne  Numerique 
Etoitee).  This  solution  is  fitted  for  low  or  me^um 


bit  rate  services,  e.  g.  telephone  service,  144  kbit/s 
or  2  Mbit/s  services.  The  MOLENE  experimental 
model  can  provide  144  kbit/s  ISDN  connections  to 
12  subscribers.  It  works  with  LEDs  £6J.  A  new 
version,  adapted  for  the  transmission  of  2  Mbit/s 
channels,  is  under  development. 

Beyond  these  limited 
application,  it  appears  that  a  massive  introduction 
of  optical  fibers  in  the  subscriber  network  relies  on 
the  emergence  of  moving  picture  communication, 
which  needs  really  a  broadband  communication 
network. 
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In  France,  as  in  other 
countries,  we  consider  that  the  introduction  of 
single-mode  optical  fibers  in  order  to  build  the 
large  bandwidtn  subscriber  network  of  the  future  is 
a  major  challenge  for  the  laboratories,  the 
manufacturers  and  the  telecommunications 
operators.  To  face  with  this  challenge,  we  are 
doing  our  own  research  and  test  work  and  we  are 
participating  to  the  EEC  cooperative  projects, 
known  under  the  names  COST,  ESPRIT,  RACE 
and  EUREKA. 


We  gained,  at  CNET,  a  first 
experience  in  the  application  of  single  mode  fibers 
to  video-communication  networks  with  our 
TREGOR  experiment  (named  after  the  TREGOR 
country,  surrounding  Lannion,  the  city  where  our 
research  center  is  located).  Reducing  the  cost  of 
cable  pulling  and  jointing,  designing  cost-effective 
equipment,  measuring  tne  transmission 
performance  in  the  field  for  this  application  where 
some  of  our  purposes  [2  ]. 

Beyond  the  results  of  this  first 
experiment,  we  need  additionnal  cost  reductions 
before  deciding  a  massive  introduction  of  single 
mode  fibers  in  the  subscriber  network. 

So  we  have  installed  a  field 
test-bed,  inside  and  near  Lannion  :  this 
experimental  optical  distribution  designed  for 
flexibility  and  cost-effectiveness,  will  be  used  to 
test  different  modulation  systems,  analog  or 
digital,  to  transmit  up  to  homes,  speech,  video, 
data,  separately  or  combined  in  a  broadband 
ISDN. 


The  reduction  of  the  cost  per 
user  is  obtain  first  by  engineering  rules  facilitating 
the  re-use  of  existing  ducts  ana  chambers,  thus 
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reducing  the  amount  of  civil  engineering  works, 
second  by  sharing  the  fiber  between  many  users,  as 
we  did  for  our  MOLENE  system,  This  design  has 
also  the  consequence  of  sharing  between  many 
users  another  expensive  device  :  the  laser  emitter 
module.  The  network  architecture  is  then  of  a  tree- 
star  type,  with  passive  distribution  points.  Such  a 
network  offers  a  large  flexibility  :  for  instance  a 
fiber  can  go  straight  through  the  distribution  points 
by  suppressing  the  passive  optical  divider  or 
coupler  and,  thus,  be  used  for  connecting  a  large 
business  user.  From  the  operator’s  point  of  view, 
additionnal  flexibility  is  added  by  the  systematic 
use  of  secondary  distribution  frames,  a  technique 
used  in  telephone  copper  pair  subscriber  networks, 
which  helps  to  make  progressive  investments, 
according  to  the  needs. 

We  shall  not  discuss  the 
different  modulation  schemes  we  are  studying  for 
the  transmission  and  distribution  systems,  which 
may  be  analog  (in  some  cases  for  video)  or  digital. 
Let  us  just  recall  that  CCITT  made  the  choice  and 
is  specifying  for  the  target  B  -  ISDN  network, [71 
the  asynchronous  transfer  mode  (ATM)  of 
wideband  digital  signals  ;  this  technique  which  was 
first  demonstrated  at  CNET  [8  ]  combines  the 
simplicity  of  circuit  switching  and  the  flexibility  of 
packet  switching,  and  has  also  significant 
advantages  in  transmission  systems  [9].. 

Addressing  to  cable 
specialists,  I  should  prefer  to  stress  the  point  that 
cost  reduction  is  also  a  matter  of  technology.  This 
assertion  is  true  for  all  kind  of  components  which 
represent  an  important  share  in  the  network  cost. 
Fiber  and  cable  technology  has  an  important  role 
to  play  for  reducing  production  costs  as  well  as 
cable  engineering.  CNET  laboratories,  together 
with  an  industrial  support  are  working  along  two 
directions  in  that  field. 

The  first  one  is  MCL 
(Multipulling  and  Cabling  in  line)  a  technique 
which  combines  the  simultaneous  pulling  of  six  to 
eight  fibers,  and  cabling  these  fibers  in  line,  in  a 
bundle  or  in  a  ribbon.  Demonstration  machines 
exist :  they  allow'  to  pull  six  fibers  simultaneously 
and  to  produce  a  six  fiber  ribbon  at  a  speed  of  100 
m/mn  ;  commercial  machines  could  be  promptly 
avalaible.  However,  we  are  aware  that  their 
adoption  in  a  manufacturing  process  involves 
major  investments  and  major  changes  inside  the 
organisation  of  fiber  and  cable  industry'.  [10] 

Another  way  along  which  we 
are  working  is  the  so-called  POID  (Plasma  Inside 
and  Outside  Deposition),  a  new  technique  for 


producing  preforms.  In  this  technique,  the  core  of 
the  fiber  (i.e.  the  small  part  of  material  inside 
which  the  light  ray  is  transmitted)  and  the 
claddding  (more  than  95  %  of  the  material 
constituting  the  fiber!  are  produced  separately.  We 
are  waiting,  from  this  research  work,  a  farther 
reduction  of  production  cost  and  a  longer  fiber 
pulling  length  :  large  diameter  preforms  (up  to  10 
cm)  can  be  grown  by  this  method  in  a  greatly 
reduced  time.  From  our  economic  studies,  such  a 
process  could  bring  a  reduction  of  the  fiber 
production  cost  by  a  factor  of  three. 
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broadband  subscriber  networks.  6 


Conclusion 


Having  described  some  of 
those  specific  features  of  the  France  Telecom’s 
present  network,  we  have  analysed  the  evolution 
trends  in  the  different  parts  of  the  network.  We  are 
in  the  process  of  building  the  optical  synchronous 
trunk  network  of  the  year  2006  with  an  average 
annual  rate  of  optical  cable  installation  of  2000 
km.  The  local  transmission  network,  still  largely 
relying  on  digital  multimode  links  is  being 
progressively  converted  to  a  higher  capacity  single 
mode  network,  sometime  combined,  in  some  large 
cities,  with  the  videocommunication  transport 
network.  However,  the  local  subscribers  loop 
network,  where  optical  fiber  are  being  introduced 
at  a  small  rate  for  business  uses,  is  presenting  the 
main  challenge  :  the  definition  and  construction  of 
the  broadband  network  of  the  future.  It  is  a 
challenge  in  which  fiber  and  cable  specialists  have 
a  major  role  to  play. 
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THE  TRANSMISSION  INFRASTRUCTURE  IN  BELGIUM 


Susan  Mirbach 


RTT  Belgian  Telecom  USA 

use  this  transmission  infrastructure  that  was  orig¬ 
inally  and  primarily  implemented  for  telephony. 


1.  Introduction 

For  many  decades ,  the  development  of  telecom¬ 
munications  has  been  determined  by  the  evolution 
and  extension  of  basic  telephone  service.  Of  all 
the  services  which  are  offered  to  the  RTT's  users 
(telephony,  data  transmission,  videoconferencing, 
etc.),  basic  telephone  service  represents  more 
than  90%  of  total  traffic. 

The  RTT's  existing  transmission  infrastructure, 
therefore,  was  essentially  conceived  for  offering 
telephone  service  of  a  good  quality  at  a  compet¬ 
itive  price.  For  a  long  time,  the  transmission 
techniques  used  were  entirely  analog.  It  was  not 
until  the  mid  1970’s  that  digital  techniques  began 
to  be  Implemented. 

The  diagram  in  figure  1  shows  the  organizational 
hierarchy  of  the  public  service  in  Belgium  (see 
figure  1);  more  than  550  local  central  offices,  40 
regional  central  offices,  5  transit  centers,  and  4 
international  swithching  centers.  The  branches  of 
this  diagram  constitute  the  transmission  network 
infrastructure. 

As  you  can  imagine,  all  of  the  others  services  of¬ 
fered  to  the  RTT's  clientele  such  as  data  trans¬ 
mission,  videoconferencing,  and  even  leased  lines, 


The  Belgian  transmission  network  is  hierarchical. 

It  is  composed  of  a  local  network,  a  regional  or 
junction  network,  a  trunk  network,  and  an  inter¬ 
national  network. 

This  presentation  describes  both  the  current  status 
and  the  future  evolution  of  the  Belgian  RTT's  trans¬ 
mission  network. 

2.  Local  Networks 

The  local  network  ensures  the  connection  of  the 
subscriber's  equipment  terminal  (telephone,  PABX..J 
to  the  central  office  or  local  exchange.  This  net¬ 
work  is  structured  in  a  star  configuration:  each 
subscriber  line  (in  most  cases  a  pair  of  symmetric 
copper  wires  in  an  underground  cable)  directly  con¬ 
nects  the  terminal  equipment  to  its  calling  number 
position  at  the  central  office. 

2.1  Organization 

The  organization  of  the  local  network  consists  of 
two  levels:  the  feeding  cables  go  from  the  central 
office  to  street  terminals;  the  distribution  ter¬ 
minals  go  from  the  terminals  to  the  subscribers (see 
figure  2). 

As  the  cables  leave  the  central  office,  they  fan 
out  in  many  directions  (5  or  6) .  These  cables  are 
covered  with  steel  ribbons  under  which  is  a  layer 
of  lead.  They  contain  copper  conductors  insulated 
with  paper.  They  have  a  capacity  of  between  200 
and  2000  pairs.  They  are  generally  several  kilo¬ 
meters  long.  These  cables,  unlike  in  many  other 
countries,  are  not  pressurized. 

The  number  of  pairs  in  these  feeding  cables  is  sel¬ 
ected  so  that  cable  layings  are  spaced  in  8-10  year 
periods.  This  corresponds  to  the  optimal  time  in¬ 
terval,  from  an  economic  point  of  view,  between 
two  successive  cabling  efforts.  A  short  distance 
from  the  central  office,  these  cables  are  used  for 
direct  connections  to  subscribers.  When  used  for 
greater  distances,  they  terminate  at  a  distribu¬ 
tion  terminal. 

The  distribution  feeding  terminals  mark  the  border 
between  the  network  and  distribution  network. 

There  are  approximately  20,000  distribution  ter¬ 
minals  in  Belgium.  Once  put  in  service,  they  con¬ 
tain  approximately  200  pairs  of  wire  for  power  and 
400  pairs  of  distribution.  This  permits  about  100 
subscribers  to  be  operational. 
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From  the  distribution  terminal,  the  distribution 
cables  spread  out  toward  the  subscribers.  These 
cables  are  chosen  in  order  to  last  more  than  20 
years  before  the  laying  of  new  cables,  especially 
given  the  low  cost  of  cable  in  comparison  to  the 
costs  of  digging  up  the  sidewalks,  repaving,  etc... 
80  percent  of  residences  already  have  local  access 
constructed. 

The  distribution  cables  were  standardized  to  con¬ 
tain  betwen  14  and  200  pairs  of  wire.  Insulated  in 
polyethylene,  they  are  filled  with  petroleum  jelly 
in  order  to  provide  longitudinal  watertightness. 

The  splicing  is  accomplished  with  the  help  of  heat 
shrink  sleeves.  This  is  a  reliable  system  that  is 
easy  to  apply. 

Note  that  in  1992  this  method  of  heat  shrink  spli¬ 
cing  will  be  applied  to  feeding  cables  as  well.  In 
fact,  at  the  end  of  1991,  the  first  feeding  cables 
in  plastic  insulation  will  be  delivered.  Soon 
after  this,  lead  cables  with  paper  insulation  will 
no  longer  be  ordered. 

The  local  access  cable  which  is  filled*polyure- 
thane  and  is  for  traditional  residences  and  con¬ 
tains  between  2  and  6  pairs,  is  connected  direct¬ 
ly  to  the  distribution  cable  and  terminates  at  an 
intermediary  deistribution  device.  In  buildings, 
apartments,  or  offices,  larger  cables  are  used. 

For  distribution,  paper  insulated  cables  are  used 
essentially  for  conductor  diameter  of  .8  and  1mm. 
These  are  used  when  the  subscriber  connection  is 
located  far  from  the  central  office.  The  conduc¬ 
tor  diameter  must  be  enlarged  in  such  a  way  to  be 
able  to  meet  transmission  standards.  These  cables 
can  be  connected  to  plastic  cables  with  the  aid  of 
the  heat  shrink  sleeves  just  mentioned. 

Distribution  via  aerial  lines  is  disappearing. 

These  types  of  lines  are  now  only  installed  for 
high  distance  connections  in  rural  areas. 

2.2  Subscriber  systems 

Other  than  the  voice  telephone  service,  the  local 
network  can  also  handle  64  kbit/s  and  higher  for 
services  such  as  data  transmission,  teletex,  video¬ 
text,  etc... A  2  Mbit/s  service  can  be  offered  by 
Installing  regenerators.  The  current  network  sup¬ 
ports  a  narrowband  ISDN  service.  A  commercial 
ISDN  pilot  is  currently  in  progress  with  a  few  hun¬ 
dred  subscribers. 

For  Bandwidths  of  2,8,34,  or  140  Mbit/s.  a  fiber 
optic  infrastructure  is  essential.  The  1990's  will 
certainly  see  the  development  of  fiber  optic  links 
between  certain  categories  of  subscribers  (banks, 
manufacturers,  zonings...)  and  the  local  central 
office. 

It  is  worth  mentioning  that  in  the  medium  term, 
(1992),  the  RTT  intends  to  establish  a  local  broad¬ 
band  integrated  pilot  network  (RTT  contract  with 
BBA  signed  in  October  1987) .  Such  a  network  would 
be  used  to  satisfy  the  heeds  of  business  users.  In 
the  future,  it  could  replace  the  existing  RTT  net¬ 
works  and  the  teledistribution  network  in  Belgium. 
These  networks  are  currently  under  study  by  the  RTT 


and  would  be  fiber  optic  based.  In  this  context, 
the  RTT  plans  to  offer  its  customers  the  following 
services: 

-Two-way  telecommunications  services  such  as  the 
ISDN  services  at  64  kbps  to  provide  :  telephony, 
switched  circuits  for  data  transmission  up  to  64 
kbps,  packet-switching(teletex,  interactive  video¬ 
tex.  . .) 

-2  Mbit/s  service  and  the  videophone; 

-One  way  teledistribution  services:  TV  dis¬ 
tribution  and  distribution  of  audio  programs. 

3.  Zonal/ Junction  Network 

The  junction  or  regional  network  consists  of  trans¬ 
mission  links  that  connect  each  local  central  of¬ 
fice  to  its  respective  regional  central  office. 
Thus,  the  zonal  network  has  a  starlike  configur¬ 
ation  around  each  of  its  forty  zonal  central  of¬ 
fices.  The  reliability  of  this  network  is  ensured 
by  redundant  links  between  each  local  central  of¬ 
fice  and  its  respective  zonal  office.  Note  that 
in  certain  zones  there  are  direct  connections  "be¬ 
tween  central  offices  within  the  same  zone.  The 
average  distance  of  junction  or  zonal  links  is  8 
km;  the  maximum  distance  is  40  km.  Traditionally 
these  links  have  consisted  of  metallic  cables. 

Since  1982,  fiber  optic  cables  have  been  used  (see 
figure  3) . 

3.1  Metallic  Cables 

These  cables  are  all  "armoured"  in  lead,  paper, 
and  copper;  they  are  constructed  as  follows: 

The  copper  wires,  insulated  in  paper,  can  have  a 
diameter  between  .3  and  1mm. 

The  wire  pairs  are  twisted  two  by  two  in  star 
quads,  the  quads  unroll  in  concentric  layers  to 
form  the  heart  of  the  cable,  a  layer  of  lead  around 
the  core  assures  the  water-tight  quality,  an  armor 
of  steel  'sheathing  protects  the  cables  from  mechan¬ 
ical  problems,  the  cables  can  hold  between  fifty 
and  2,000  pairs  of  wire. 

The  total  length  of  these  metallic  cables  that  have 
already  been  laid  amounts  to  12,000  km.  The  number 
of  "km  pairs"  of  wires  that  these  cables  contain  is 
2,200,000  km  pairs.  There  are  approximately 
360,000  pairs  currently  installed. 

Until  the  end  of  the  1970's,  the  transmission  tech¬ 
nique  used  on  these  cables  was  purely  analog:  the 
voice  channel  is  transmitted  on  two  wires  in  the 
audiofrequency  band  (300-3400  Hz)  on  a  symmetrical 
pair  that  is  in  general  loaded.  Most  often  the  in¬ 
ductance  of  the  loading  coil  and  the  distance  be¬ 
tween  coils  were,  respectively,  129  mH,  and  1.330  m 
for  a  pair  whose  wire  diameter  was  about  .8  mm. 

Beginning  in  1971,  for  economic  reasons,  the  RTT 
began  to  use  digital  transmission  at  2  Mbit/s  on 
the  metallic  pair  cables.  This  system  allowed  for 
30  voice  channels  or  30  circuits  to  be  transmitted 
at  64  kbit/s.  These  cables  could  not  contain  many 
2  Mbit/s  systems  because  of  crosstalk  problems. 
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Technical  reasons  for  digitizing  the  zonal  network 
were  added  to  the  economic  reasons.  The  two  key 
technical  reasons  were  the  decision  to  introduce 
digital  central  offices  and  the  development  of  new 
services. 

This  is  why,  beginning  in  1978,  the  RTT'  decided  to 
lay  cables  that  were  specially  conceived  for  the 
transmission  of  digital  signals  at  2  Mbit/s.  These 
cables  differentiate  themselves  from  their  pred¬ 
ecessors  by  a  screen  of  copper  that  separates  the 
two  transmission  directions  in  order  to  avoid  near¬ 
end  crosstalk.  This  allows  for  an  Increased  number 
of  2  Mbit/s  systems. 

Nevertheless,  since  the  beginning  of  the  1980's, 
the  metallic  cables  have  been  replaced  by  fiber  op¬ 
tic  cables  as  the  medium  of  choice. 

3.2  Fiber  Optic  Cables 

The  RTT  has  been  ordering  fiber  optic  cables  since 
1982.  The  initial  cables  were  with  multimode  fiber 
optics(CCITT  TEC  G  651)  which  were  the  first  to  be 
commercially  available.  The  working  wavelength  was 
1300  nm. 

Multimode  fiber  presents  the  inconvenience  of  a 
bandwidth  limited  to  signal  transmission  of  140 
Mbit/s  at  a  maximum  (1992  circuits  at  64  kbit/s). 
This  is  why  the  RTT  decided  to  severely  restrict 
the  number  of  fibers  in  the  cables.  Given  the  tele* 
phony  requirements,  many  links  had  only  two  fibers 
each. 

Beginning  in  1988,  the  RTT  resolutely  shifted  to¬ 
wards  singlemode  fiber  optic  (CCITT  REC  G  652)  used 
at  1300  nm.  These  fibers  can  transmit  signals  at  a 
very  high  rate  (2.5  Gbit/s  :  16  X  140  Mbit/s). 

Since  the  singlemode  fiber  optics  can  be  considered 
the  infrastructure  of  the  future,  significant  future 
requirements  are  anticipated.  These  fibers  are 
needed  to  prepare  and  provide  for  emerging  large 
bandwidth  services. 

The  capacity  for  significant  transmission  potential 
will  presumably  allow  for  longer  intervals  between 
cable  laying  efforts.  The  interval  wouid  go  from 
ten  years  for  the  metallic  cables  to  twenty  years 
or  more  for  the  fiber  optics. 

Beginning  in  1991,  the  new  synchronous  digital  hier¬ 
archy  (SDH)  will  Instigate  a  change  in  the  topology 
of  the  junction  (or  regional)  network. 

Until  today,  the  junction  network  has  been  devel¬ 
oped  in  a  tree-like  topology:  cables  serviced  re¬ 
mote  buildings  from  a  switching  or  transit  center 
and  the  pairs  of  fibers  that  they  contain  have  been 
used  in  the  context  of  a  star-shaped  topology.  The 
reliability  of  this  type  of  network  topolgy  re¬ 
quires  that  it  be  backed  up  and  redundant  in  capa¬ 
city  as  well  as  in  length. 

From  now  on,  the  new  cables  will  tend  to  be  laid 
in  a  ring  topology  that  ensures  simultaneously  the 
reliability  and  flexibility  of  the  network,  espec¬ 
ially  if  the  new  capabilities  of  the  synchronous 
hierarchy  are  leveraged.  The  total  length  of  the 


required  cables  declines  compared  to  the  "double 
tree"  system. 


Note  that  the  optical  regional  cables  are  technic¬ 
ally  identical  to  the  cables  used  in  the  trunk  net¬ 
work.  This  offers  the  economic  advantage  of  being 
able  to  Include  the  junction  links  in  the  long-dis¬ 
tance  cables. 


Summary  of  the  Current  Situation  (see  figure  5) : 


a)  Regional  links 


-length  of  multimode  fiber  cables 
-Km  multimode  fibers 
-length  of  monomode  fiber  cables 
-Km  monomode  fibers 


1,000km; 
3,960km ; 
500  km; 
1,700  km. 


b)  Regional  links  in  Trunk  cables 
-Km-multimode  fibers 


:960  km-fibers 


c)  Number  of  local  offices  served  by  fiber  optic, 
cables:  254  out  of  552,  of  which  4  already  have  two 
optical  link  routes  each. 

Evolution 

In  1997,  95Z  of  the  central  offices  will  be  inter¬ 
connected  by  fiber  optics. 

4.  The  Trunk  Network 

The  trunk  network  consists  of  the  collection  of 
transmission  routes  that  link  together  central  of¬ 
fices  on  the  regional,  transit,  and  international 
level.  The  reliablity  of  this  network  is  insured 
by  a  meshed  topology  such  that  every  regional  cen¬ 
ter  is  connected  to  the  network  by  at  least  two 
distinct  lines. 


These  links  carry  a  number  of  circuits  at  64  kbit/s 
corresponding  to  approximately  50X  of  their  maxi¬ 
mum  capacity.  As  a  result,  in  the  event  that  one 
of  the  lines  is  out,  the  alternate  cable  can  accom¬ 
odate  the  additional  traffic. 


The  trunk  network,  as  it  is  operated  today,  con¬ 
sists  of  the  superimposition  of  three  combinations 
of  separate  links  of  which  two  use  analog  tech¬ 
niques  and  one  uses  digital  techniques  at  various 
bit  rates. 

4.1  The  first  combination,  completed  in  1965,  is 
composed  of  links  on  cables  with  24  symmetrical 
pairs,  functioning  in  the  frequency  band  of  12-552 
kHz;  each  link  consists  of  two  cables  (one  per 
transmission  direction  in  order  to  reduce  the  prob¬ 
lems  caused  by  crosstalk)  of  which  the  capacity  is 
between  24  and  120  voice  channels  frequency  multi¬ 
plexed,  thus  2,880  voice  channels  (see  figure  6). 
The  total  length  of  these  channels  is  2,965  km. 

4.2  The  second  combination,  completed  in  1979,  is 
composed  esentially  of  two  links  supported  by 
cables  with  12  coaxial  pairs  1.2/4. 4  mm  and  func¬ 
tioning  in  the  frequency  band  of  300-12,000  kHz; 
every  link  has  a  capacity  of  6  systems  at  2,700 
voice  channels  (see  figure  7).  The  total  length  of 
these  cables  of  12  coaxial  pairs  is  1,250  km. 

In  addition,  there  are  a  few  cable  links  with  six 
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coaxial  pairs  at  3.7/13.5.  These  are  used  in  the 
frequency  band  4,000  -  60,000  kHz;  every  link  has  a 
capacity  of  three  systems  at  10,800  multiplexed 
voice  channels  which  is  32,400  voice  channels.  The 
total  length  of  these  cables  with  six  coaxial  pairs 
is  350  km. 

4.3  At  the  end  of  the  1970's,  the  RTT  decided  to  in¬ 
stall  a  combination  of  digital  links  at  bit  rates 
of  140  Mbit/s  (1920  circuits  at  64  kbit/s)  linking 
the  40  regional  central  offices  together.  The 
reasons  for  this  decision  were  not  only  economic 
but  technical  as  well.  The  most  Important  of  these 
technical  reasons  was  the  establishment  of  digital 
regional  central  offices  and  the  introduction  of 
new  services. 

This  network  consists  essentially  of  links  on  ca¬ 
bles  with  30  coaxial  pairs  at  1.2/4. 4  mm  (610  km); 
links  on  digital  microwave  and  on  multimode  fiber 
optic  cables  (at  an  index  gradiet&of  1300  nm)  were 
also  installed  (see  figure  8). 

The  RTT  also  converted  some  analog  links  to  12  MHz 
on  cable  to  12  coaxial  pairs  1.2/4. 4  mm  in  digital 
links  at  140  Mbit/s,  as  well  as  links  at  60  MHz  in¬ 
to  565  Mbit/s. 

Since  1988,  the  RTT  has  begun  construction  of  a  new 
digital  trunk  network  exclusively  based  on  the  util¬ 
ization  of  singlemode  fiber  optic  cables  (wave¬ 
length:  1,300  nm  or  1,550  nm). 

The  RTT  investment  program  is  such  that  in  1996, 
virtually  all  of  the  major  regional  central  offices 
of  importance  will  be  accessed  by  singlemode  fiber 
optic  cables. 

For  these  links,  the  RTT  utilizes  cables  deploying 
from  12  to  20  or  30  fibers  depending  on  the  traffic 
projected  for  these  routes. 

On  average  from  now  until  the  year  2000, the  RTT  will 
order  approximately  200  km  of  cable  per  year  for 
the  trunk  links,  or  about  4,500  km  of  fiber. 

The  appendix  contains  a  study  of  the  evolution  of 
this  trunk  or  regional  network  based  on  singlemode 
fiber  optics  through  the  2002. 

5.  International  Network 

The  international  network,  as  it  is  operated  today, 
consists  of  three  types  of  links  that  permit  access 
to  the  majority  of  countries  in  the  world: 

-links  with  neighboring  countries 
-satellite  links 

-combination  of  shares,  ie.  right  of  coownership, 
Irrevocable  rights  of  use  (1RU),  in  foreign  ter¬ 
restrial  and  undersea  links. 

5.1  Links  with  neighboring  countries 
(see  figure  9) 

Note  that  there  are  still  some  analog  links  at  high 
frequencies  in  service  with  neighboring  countries. 
These  links  will  be  progressively  phased  out  from 
now  until  2000  and  replaced  by  digital  links. 

5.2  Satellite  Links 

The  earthstation  at  Lessive  presently  serves  the 


Atlantic  region  within  the  Intelsat  V  system  by 
means  of  two  type  A  antennas  that  were  put  in  ser¬ 
vice  in  1972  and  1983  respectively. 

Thanks  to  a  third  antenna,  put  in  service  in  1984 
and  operating  within  the  Eutelsat  system,  the  earth 
stalon  of  Lessive  serves  many  European  countries 
(Scandinavia,  Spain,  Portugal,  Italy,  etc.) 

Finally  there  is  an  earthstaion  in  Liedekerke, 
which  is  used  for  digital  transmission  within  the 
IBS  system. 
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FIG.  #1  TRANSMISSION  NETWORK 
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FIGURE  #2  ORGANIZATION  OF  THE  LOCAL  NETWORK 
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FIGURE  #6  TRUNK  CABLES  IN  S'*  MMETRICAL  PAIRS  FOR 
ANALOG  TRANSMISSION  SYSTEMS 


FIGURE  119  LINKS  WITH  NEIGHBORING  COUNTRIES 


Country 


Existing  Digital  Links  Future  Digital  Links 


U.K. 


Netherlands 


UK-Belgium  No.  S 
6  mononode  fiber  optics 

6X  140  Mbit/s 
(underwater  links) 

Antwerp-Roosedaal 
Micr.  10x140  Mbit/s 


UK-Belgium  No.  6 
12  monomode  fiber  optics 

SDH-4/ 1992 
(underwater  links) 

Liege-Maastricht 
12  monomode  fiber  optics 


Herentals-Breda  5/91 

12  multimode  fiber  optics 
6  X  140  Mbit/s 


Germany 


Luxembourg 


France 


Spain 


Liege-Aachen 
Microwave  10x140  Mbit/s 


Verulers-Slmmerath 
8  fiber  optic  monomode 

Bastogne-Neidhauser 
Microwave  6x34  Mbit/s 

Arion-Luxembourg 
8  fiber  optic  monomode 

Courtrou-Lille 
Micr.  10x140  Mbit/s 

Mons-mauberge 
Coax.  4  X  140  Mbit/s 


Tournai-Lille 
12  monomode  fiber  optics 

5/9!  , 

additional  monomode  fiber  optic  link/1994 

Via  UK  as  an  extension  of 

the  UK-Spain  No.  5  and  TAT-10  in  1990 
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FIGURE  #8  INTERNATIONAL  AND  TRUNK  DIGITAL 


APPENDIX:  EVOLUTION  OF  THE  FIBER  OPTIC  NETWORK 


1,  Conditions  and  Requirements  for  the  Design  of 
the  Optic  Fiber  Trunk  Network. 

The  trunk  network  volutionary  scenario  is  planned 
on  the  basis  of  a  suitable  model  for  the  evolution 
of  the  demand  on  (digital)  transmission  capacity  as 
a  function  of  time.  About  80Z  of  this  capacity  is 
presently  used  for  analog  and  digital  telephone 
traffic.  Though  other  services  (digital  TV,  small 
-and  broadband  data)  may  develop  to  a  higher  rel¬ 
ative  significance  in  the  next  decades,  they  are 
not  believed  to  become  predominant  before  the  end 
of  the  century. 

As  a  consequence,  the  structure  and  dimensioning  of 
the  transmission  network  are  essentially  based  on 
forecasts  for  switched  telephony  supplemented  by 
needs  from  other  smallband  services.  These  are  ex¬ 
pressed  as  a  list  of  'bundles',  each  bundle  repre¬ 
senting  a  number  of  circuits  required  between  two 
fixed  terminal  stations  (located  at  the  switching 
centres) . 

The  set  of  'bundles'  represents  the  entire  known 
demand  of  all  services,  except  cable  TV. 

-Bl-routlng. 

Each  bundle  is  'bi-routed',  l.e.  its  capacity  is 
split  into  two  halves  routed  through  the  network 
along  two  physically  distinct  routes  (see  figure  - 


Al) .  Each  pair  of  routes  has  neither  common  arcs 
(e.g.  cable  links)  nor  common  nodes  (transmission- 
centers  ) .  This  approach  guarantees  that  in  case  of 
a  single  arc  failure  (most  common  is  a  complete 
cable  break)  50Z  of  the  capacity  of  each  of  the 
concerned  bundles  is  preserved,  irrespective  of  any 
restoration  effort. 

In  the  absence  of  saturated  links,  optimum  bi¬ 
routing  is  defined  by  the  shortest  mesh  between  the 
end  points  of  the  bundle.  Currently  bi-routing  is 
done  at  the  demand  level  (mostly  2  Mbit/s),  before 
multiplexing. 

-Cascade  multiplexing. 

The  routed  bundles  (2  Mbit/s)  are  multiplexed  to 
the  next  higher  hierarchical  level  (8Mbit/s) ,  etc. 
up  to  the  line  level  (typically  140  Mbit/s).  In 
the  trunk  network,  all  intermediate  hierarchical 
levels  (8,  34  Mbit/s)  are  physically  accessible  on 
distribution  frames  for  maximum  flexibility: 

4X  2  Mbit/s  8  Mbit/s 

4X8  Mbit/s  -•>  34  Mbit/s 

4  X  34  Mbit/s  «*  140  Mbit/s 

• 

The  overall  multiplexing  scheme  and  the  intercon¬ 
nection  scheme  on  each  distribution  frame  are  op¬ 
timized  in  order  to  minimize  the  overall  invest¬ 
ment  of  multiplex  equipment,  line  equipment  and 
cable,  capacity.  The  constraint  is  that  the  pre¬ 
calculated  routes  on  the  2  Mbit/s  level  should  be 
strictly  obeyed. 

-Spare  capacity. 

The  network  arcs  are  augmented  by  spare  capacity, 
calculated  by  a  heuristic  programme.  This  spare 
capacity,  spread  over  the  entire  physical  network, 
should  as  a  minimum  allow  to  protect  the  network 
against  any  individual  total  cable  fault  (see  - 
figure  A2). 

This  type  of  network  protection  is  implemented  at 
the  140  Mbit/s  level,  which  is  considered  to  be  a 
good  compromise  between  ease  of  operation,  cost 
and  protection  efficiency.  In  the  planning  model, 
bundles  subject  to  arc  failure  are  re-routed  be¬ 
tween  their  terminal  points.  This  is  a  most  suit¬ 
able  approach  for  automatic  restoration  using 
cross-connects  in  the  network  nodes.  Unlike  the 
basic  routing  mechanism  (see  above)  re-routed  bun¬ 
dles  are  allowed  to  be  spread  over  an  unrestricted 
number  of  individual  routes  ('flow'  routing  at  the 
140  Mbit/s  level).  This  makes  maximum  use  of  the 
available  space  in  the  network.  There  are  no 
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dedicated  spares  (using  e.g.  1+1  or  N+l  protection 
schemes).  While  the  spare  capacity  strictly  guar- 
entees  protection  against  single  (but  complete) 
cable  breaks  only,  the  restoration  and  dimensioning 
technique  allow  for  a  high  degree  of  protection  in 
multiple  failure  conditions. 

-Investment  scenarios. 

The  investment  scenarios  are  determined  by  a  col¬ 
lection  of  optimization  software  modules  (routing, 
multiplexing,  spare  calculation)  combined  in  an 
iterative  cycle.  Figure  A3  gives  a  simplified 
description  of  the  procedure  used. 

2,  Impact  of  New  Technologies;  SDH,  High  Bltrate 
Systems,  Digital  TV,  ATM,  ...  ■ 

-SDH  (Synchronous  Digital  Hierarchy)  and  High 
Bltrate  Systems. 

The  Synchronous  Digital  Hierarchy,  presently  in  an 
advanced  standardization  phase,  offers  substantial 
improvement  in  manageability,  performance  monitor¬ 
ing  and  flexibility,  compared  to  the  existing 
Plesiochronous  Hierarchy  (FDH) .  SDH  equipments 
will  be  available  on  the  market  in  the  early  90's, 
and  will  soon  replace  PHD  products  for  all  exten¬ 
sions  to  the  network.  Their  introduction  may  have 
a  major  effect  on  the  fibre  cable  investment  shed- 
ule. 

The  SDH  multiplex  structure  differs  from  the  ex¬ 
isting  PDH;  in  particular,  the  reduction  in  hier¬ 
archical  multiplex  steps  will  have  an  impact  on  the 
eventual  line  capacity. 

The  transition  phase  between  1002  PHD  and  1002  SDH 
will  exist  for  a  considerable  time  (10  years?)  and 
generates  additional  requirements,  if  one  is  com¬ 
mitted  to  fulfill  the  safety  requirements  (routing, 
restoration)  as  described  in  par.  1.  This  is  be¬ 
cause  PHD  routes  can  be  protected  by  boch  PHD  and 
SHD,  but  SHD  routes  can  only  be  protected  within 
the  SHD  network  itself.  As  a  consequence,  the  im¬ 
plementation  schedule  fo  single  modefiber  links 
will  have  to  be  accelerated  and  carefully  planned. 

-High  bltrate  systems. 

The  Introduction  of  high  bltrate  systems  (e.g.  STM 
-16  in  the  SDH  hierarchy  equivalent  to  16  X  140 
Mbit/s)  will  largely  compensate  the  growth  of  cap¬ 
acity  needs  above  the  requirements  satisfied  by 
the  first  generation  systems  (STM-4  or  565Mbit/s). 
At  the  beginning  of  the  next  century,  a  further 
generaton  of  more  powerful  systems  (coherent  op¬ 
tical  systems)  will  substantially  upgrade  the  cap¬ 
acity  of  the  single  mode  fibre  cables. 

-PiRltal  TV. 

Digital  TV  transmission  (long  distance)  in  Furope 
is  now  on  its  way  to  be  standardized  at  the  H2i 
rate  (32  Mbit/s).  This  means  that  one  STM-16 
system  (two  fibers)  can  carry  up  to  two  64  TV  chan¬ 
nels  simultaneously  (each  way) .  A  single  pair  of 
fibers  in  each  cable  can  easily  deal  with  any  real¬ 
istic  demand  for  many  years. 

-Broadband  Services;  ATM,  HDTV,  Video,  LAN  inter¬ 
connection. 

For  the  time  being,  it  is  still  very  uncertian  how 


the  demand  for  these  services  will  evolve.  Due  to 
the  present  poor  level  of  standardization,  and  the 
uncertain  appeal  to  the  general  public,  we  assume 
that  the  volume  of  these  broadband  services  in  the 
trunk  network  will  remain  substantially  smaller 
than  the  basic  services  for  at  least  a  decade.  A 
small  margin  on  the  fiber  count  will  suffice.  In 
the  longer  term,  when  the  volume  of  these  services 
may  become  important,  the  use  of  high  bltrate 
systems  will  provide  the  required  capacity. 

3.  Evolution  of  the  Belgian  Digital  Trunk  Network 
(1991-2002),  without  considering  SDH. 

Figures  A4  through  A9  show  the  projected  provision 
of  new  digital  links.  All  of  these  links  are  im¬ 
plemented  as  single  mode  fiber  cables.  This 
results  in  a  homogeneous  meshed  single  mode  fiber 
network  by  2002.  The  need  for  new  links  is  dic¬ 
tated  by  traffic  expansion  only,  and  does  not  take 
into  account  specific  requirements  resulting  from 
SDH  deployment. 

Table  1  shows  the  capacity  requirements  expressed 
in  565  Mbit/s  (or  STM-4)  systems,  as  well  as  the 
number  of  fibers  derived  from  these  requirements, 
covering  10  years  expansion  (72  traffic  growth/ 
year)  beyond  the  year  of  installation.  Four  more 
fibers  are  included  for  additional  TV  and  early 
broadband  services.  Further  expansion  of  broad¬ 
band  services  is  possible  through  the  use  of  high 
bandwidth  systems. 

4. Impact  of  SDH  Introduction. 

The  RTT  has  undertaken  a  study  on  introduction 
scenarios  of  SDH  in  the  Belgian  trunk  network.  The 
first  results  will  be  available  at  the  end  of  the 
year. 

The  study  first  considers  the  network  configuration 
for  the  target  year  2002,  resulting  from  earlier 
work  which  did  not  consider  the  effects  of  SDH. 

We  can  presume,  however,  that  investments  on  new 
cable  links  will  be  restricted  to  single  mode 
cables.  The  network  available  in  2002  therefore 
consists  of  the  structure  displayed  in  figure  A10, 
supplemented  by  the  residual  portion  of  the  present 
PDH  network.  The  single  mode  portion  ofjthe  network 
can  be  equipped  with  SDH  systems  when  and  where 
required. 

When  subsequently  considering  the  demand  for  each 
year  (scanning  the  years  backwards  from  2002 
through  1991)  routing  of  the  bundles  is  distrib¬ 
uted  between  the  single  mode  (SDH)  and  the  PDH  part 
of  the  network  in  such  a  way  that: 

-investments  on  new  cables  are  postponed  as  much  as 
possible; 

-the  safety  considerations  contained  in  par.l  are 
strictly  obeyed. 

As  explained  above,  this  will  result  in  a  consid¬ 
erable  amount  of  earlier  investments  in  both 
cables  and  (SDH)  equipment,  compared  to  the  pre- 
SDH  case.  However,  because  of  the  fact  that  by 
2002  the  single  mode  network  has  matured  to  a  fully 
meshed  structure,  serving  nearly  all  nodes,  even 
without  considering  SDH,  the  total  volume  of  cable 
and  fibre  Investments  will  not  change  considerably. 
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The  evolution  towards  SDH  will  also  have  an  impact 
on  inter-station  cabling.  SDH  nodes  will  be  more 
compact  (virtually  no  connectorized  distribution 
frames)  and  all  transmission  interfaces  become 
optical.  The  existing  copper  cabling  will  be  grad¬ 
ually  replaced  with  a  much  smaller  volume  of  op¬ 
tical  cords.  The  total  fiber  length  deployed  will 
be  negligible  compared  to  the  inter-station  network. 


International  Wire  &  Cable  Symposium  Proceedings  1990  565 


NETWORK  DEMAND 


Fig  A3 
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sig  A6  :  Monomode  network  tocology  1996. 


Pig  A7  :  Monomode  network  tocology  1998. 
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:ig  A8  :  Monomode  network  apology  2000. 


sig  A9  :  Monomode  network  topology  2002. 
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Table  1 


NEW  SINGLE  MODE  FIBRE  CABLES  1991  -  2002 


First  Use 

Cable 

Length 

Cap 

Fibres 

1991 

Arlon  -  Libramont 

41  km 

2 

8 

1991 

Arlon  -  Luxembourg 

25  km 

2 

8 

1991 

Bastogne  -  Luxembourg 

50  km 

1 

Radio 

1991 

Durbuy  -  Huy 

25  km 

4 

12 

1991 

Durbuy  -  Stavelot 

31  km 

3 

10 

1991 

Gretry  (Liege) 

Verviers 

20  km 

4 

12 

1991 

Kortrijk  -  Ronse 

a 

VO 

CM 

4 

12 

1991 

Linthout  (Brussels)  - 
Marais  (Brussels) 

3  km 

6 

16 

1991 

Namur  -  Wavre 

33  km 

5 

14 

1991 

Ninove  -  Ronse 

31  km 

6 

16 

1991 

Ninove  -  Stro  (Brus¬ 
sels) 

24  km 

6 

16 

1991 

Ronse  -  Tournai 

22  km. 

4 

12 

1991 

Tournai  -  Lille 

(France) 

30  km 

5 

14 

1991 

Verviers  -  Simmerath 

40  km 

3 

10 

1991 

Stro  (Brussels)  -  Wavre 

23  km 

5 

14 

1992 

Charleroi  -  Nivelles 

22  km 

3 

10 

1992 

Ciney  -  Dinant 

14  km 

1 

6 

1992 

Diest  -  Leuven 

27  km 

6 

16 

992 

Gretry  (Liege) 

Maastricht 

40  km 

2 

8 

1992 

Kortrijk  -  Roeselare 

17  km 

5 

14 

1992 

Roeselare  -  Veurne 

35  km 

3 

10 

1992 

Stavelot  -  Verviers 

23  km 

4 

12 

1992 

Nivelles  -  Stro 

(Brussels) 

28  km 

4 

12 
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1992 

Veurne  -  St. -Margaret's 
Bay  (UK) 

100  km 

4 

12 

1994 

Arlon  -  Bastogne 

36  km 

2 

Radio 

1995 

Oostende  -  UK 

120  km 

3 

10 

1996 

Bastogne  -  Stavelot 

46  km 

3 

10 

1996 

Gent  -  Konse 

35  km 

5 

14 

1996 

Jemelle  -  Libramont 

29  km 

3 

10 

1997 

Assebroek  (Brugge) 

Gent 

38  km 

4 

12 

1997 

Assebroek  (Brugge) 
Oostende 

23  km 

4 

12 

1998 

Ath  -  Mons 

23  km 

4 

12 

1998 

Ath  -  Ronse 

18  km 

4 

12 

1998 

Leuven  -  Linthout 

(Brussels) 

24  km 

9 

22 

1998 

Linthout  (Brussels) 
stro  (Brussels) 

3  km 

8 

20 

1999 

Berchem  (Antwerpen) 
Herentals 

30  km 

8 

20 

1999 

Buissonville  -  Ciney 

12  km 

1 

6 

1999 

Buissonville  *•  Jemelle 

8  km 

1 

6 

1999 

Charleroi  -  Namur 

30  km 

5 

14 

1999 

Dendermonde  -  Marais 
(Brussels) 

27  km 

6 

16 

1999 

Diest  -  Herentals 

26  km 

7 

18 

1999 

Dendermonde  -  Gent 

26  km 

6 

16 

1999 

Huy  -  Namur 

27  km 

8 

20 

1999 

Leuven  -  Waremme 

44  km 

9 

22 

1999 

Liege  -  Waremme 

24  km 

9 

22 

1999 

Oostende  -  Veurne 

25  km 

3 

10 

2000 

Antwerpen  -  Berchem 

3  km 

7 

18 

2000 

La  Louviere  -  Mons 

17  km 

7 

18 
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2000 

La  Louviere  -  Nivelles 

17  ion 

5 

14 

2000 

Durbuy  -  Jemelle 

27  km 

3 

10 

1000 

Marais  (Brussels) 

Stro  (Brussels) 

2  km 

12 

28 

2001 

Diest  -  Hasselt 

21  km 

6 

16 

2001 

Gretry  (Liege) 

Tongeren 

17  km 

6 

16 

2001 

Hasselt  -  Tongeren 

19  km 

6 

16 

2001 

Huy  -  Waremme 

20  km 

8 

20 

2001 

Mons  -  France 

30  km 

6 

16 

2002 

Herentals  -  Nederland 

50  km 

5 

14 
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Abstract 

The  business  of  telecommunications  is 
experiencing  both  rapid  growth  and  advancement 
of  technology.  To  meet  this  challenge  British 
telecom  is  carrying  out  a  major  modernisation 
programme  of  its  network  involving  a  wholesale 
move  to  digital  technology  for  both  transmission 
and  switching.  Already  all  long  lines  traffic  in 
the  Public  Switched  Network  (PSTN)  is  digitally 
switched,  and  by  the  year  2000  the  overwhelming 
majority  of  core  transmission  will  be  carried  by 
singlemode  optical  fibre.  This  will  bring  fibre 
to  within  2km  of  the  customer.  This  last  gap  can 
be  bridged  by  optical  fibre  serving  the  business 
customer,  however,  the  major  challenge  remains 
the  modernisation  of  the  access  network  serving 
the  domestic  customer.  Both  the  Core  and  Access 
networks  will  be  profoundly  affected  by  the 
emerging  concept  of  personal  mobility. 


Introduction 

British  Telecom  (BT)  is  the  major  provider  of 
telecommunications  services  in  the  United 
Kingdom.  Its  network  is  the  fifth  largest  in  the 
world  at  24.5m  lines,  and  growing  at  4.5%  per 
annum.  Approximately  80m  calls  are  handled  oer 
day  and  this  figure  is  increasing  at  10%  per 
annum. 

In  1989  BT  had  a  turnover  of  over  £11, 000m. 

In  this  paper  we  will  examine  BT's  network  as  it 
stands  and  what  major  changes  are  envisaged  over 
the  next  decade. 


British  Telecom's  network  today 

BT's  inland  network  is  comprised  of  two  sectors, 
the  Core  carrying  long  lines  traffic,  and  Access 
for  local  distribution.  The  Core  could  also  be 
further  broken  down  into: 

Long  lines  network:  which  carries  the  majority 
of  long  distance  traffic  between  major  switch 
units. 

Inter  office  network:  which  carries  traffic 
between  the  major  switches  and  local  exchanges 
serving  a  range  of  differing  size  communities. 


Local  network:  provides  the  connection  to  the 
customers  premises. 

1981  saw  the  introduction  of  BT's  major 
modernisation  plan,  which  impacts  the  physical 
network  in  several  important  ways: 

1.  Large  scale  introduction  of  digital  SPC 
switching  technology  (System  X),  and  digital 
connection  to  customers.  The  old  electromechanical 
switching  units  are  being  replaced  at  10  per  week. 
By  the  year  2000  all  of  BT’s  customers  will  have 

a  digital  SPC  connection.  The  current  figure  is 
30%. 

2.  Rapid  introduction  of  single-mode  optical 
fibre  carrying  digital  traffic  for  long  distance 
transmission.  Long  distance  "Long  lines"  routes 
have  been  followed  by  intermediate  "Inter  office" 
network  and  a  start  has  been  made  in  the  local 
access  network. 

3.  The  number  of  exchanges  operated  by  BT  is  being 
reduced.  The  360  long  distance  exchanges  have 
been  replaced  by  53  Digital  Main  Switching  Units. 
The  6200  Local  exchanges  will  reduce  to  1500. 


Core  Network 

Long  lines  and  Inter  office  network  today: 

The  Long  lines  part  of  BT's  network  carries 
traffic  between  major  switch  units.  Three 
transmission  media  are  utilised,  coaxial  copper, 
line-of-sight  radio  and  optical  fibre  transmission 
systems.  The  predominant  medium  carrier  was  soon 
identified  to  be  fibre,  because  of  the  rapidly 
increasing  traffic  density.  As  of  1984  all  new 
Long  lines  systems  were  based  on  singlemode 
optical  fibre.  To  date  307,000km  of  fibre  have 
been  installed  and  carries  65%  of  all  Long  lines 
traffic  (Copper  co-axial  20%,  radio  15%).  The  53 
Digital  main  switching  units  are  now  switching 
89%  of  Long  lines  traffic. 

It  is  envisaged  that  as  traffic  increases  further, 
and  more  fibre  is  installed,  optical  transmission 
will  become  even  more  predominant.  Signalling 
used  in  the  Long  lines  network  (and  being 
introduced  elsewhere)  is  the  CCITT  No.  7  common- 
channel,  which  has  the  benefits  of  fast  call 
set-up  time  as  well  as  making  available  advanced 
customer  services  of  the  "follow-me"  type,  this 
provides  the  basis  for  interconnection  between 
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fixed  and  mobile  networks,  with  the  prospect  of 
full  personal  mobility  to  come.  The  Inter  office 
network  modernisation  is  also  proceeding  with  a 
total  of  368,000km  of  singlemode  fibre  installed 
to  date,  carrying  56%  of  Inter  office  traffic.  Of 
the  remainder  39%  consists  of  co-axial  copper 
carrying  digital  transmission  and  5%  copper 
carrying  analogue  transmission.  All  analogue 
systems  will  have  disappeared  from  the  public 
switched  network  by  1994. 


Future: 

Present  trends  suggest  that  in  the  future  the 
telecommunications  network  will  need  to  cater  for 
far  more  services  than  telephony  alone.  Data 
traffic  is  growing  visibly,  and  demand  is 
perceived  for  wideband  services.  Long  lines 
traffic  has  grown  some  60%  between  1988  and  1990. 
A  similar  rise  is  anticipated  by  1992  for  both 
Long  lines  and  Inter  office. 

In  contrast  providing  additional  capacity  in  line 
transmission  plant  is  at  present  a  slow, 
cumbersome  and  expensive  business,  involving  the 
installation  of  new  cable  and  duct,  electronic 
regenerators  and  switches  which  currently  only 
handle  a  fixed  digital  format. 

In  the  near  future  a  more  flexible  managed 
network  can  be  realised  by  the  introduction  of 
the  Synchronous  Digital  Hierarchy  (1).  This  will 
provide  drop  and  insert  capability,  higher  order 
multiplexing,  and  higher  ordre  automatic 
crossconnecting.  Such  a  network  could  offer  the 
customer  high  quality  transmission,  rapid 
response  to  the  customers  demands  and  the  ability 
to  support  a  wide  range  of  services,  and  BT  is 
active  in  defining  SDH  standards. 

A  more  long-term  solution  may  lie  in  the  better 
utilisation  of  the  singlemode  fibre  already 
installed  in  the  ground,  which  has  capacity  far 
beyond  that  which  is  used  at  present. 
Newly-developed  optical  amplifiers  could  form 
low  noise  transparent  repeaters  capable  of 
amplifying  many  optical  signals  simultaneously, 
while  High-density  Wavelength  Division 
Multiplexed  or  coherent  optical  transmission 
could  make  many  wavelength  channels  available  for 
transmission.  (2)  By  careful  design  of  the 
network,  more  capacity  could  be  added  later  at 
short  notice  by  adding  more  terminals  to  an 
existing  passive  fibre  network,  in  which  optical 
wavelength  would  be  used  as  a  flexible  means  of 
determining  the  destination  for  transmissions  in 
an  "optical  ether".  The  optical  repeaters  would 
amplify  the  additional  signals  regardless  of 
their  content,  thus  providing  transparency  to 
both  bit-rate  and  format.  The  resultant  low 
component  count  would  also  result  in  high 
reliability  and  a  decrease  in  depreciation  costs. 


Access  Network 
Access  Network  today: 

Modernisation  of  BT's  core  network  has  been  rapid, 
and  though  increasing  demands  will  ensure  that 
the  process  continues,  clearly  the  major 


challenge  for  the  next  decade  and  beyond  will  be 
the  modernisation  of  the  access  (local)  network. 

The  use  of  optical  fibre  in  the  Inter-office  network 
brings  the  fibre  to  within  2km  of  the  customers 
premises,  Ihe  last  2km  however  currently  contains 
some  36m  copper  pairs. 

The  copper  access  network  represents  a  large 
investment  and  today  is  BT's  main  revenue 
generating  means.  It  was  installed,  however,  over 
a  long  period  of  time  and  much  of  it  is  now  aged. 
Incomplete  records  and  poor  joint  performance 
result  in  a  significant  maintenance  committment. 

As  the  copper  network  also  has  limited  bandwidth 
capacity,  there  is  now  considerable  interest  in 
replacing  much  of  it  with  optical  fibre,  and 
thereby  benefiting  from  improved  reliability  as 
well  as  an  increase  in  available  bandwidth. 

However  the  large  scale  introduction  of  fibre 
into  the  local  loop  is  a  complex  long-term  issue, 
ultimately  dependant  on  the  most  cost-effective 
means  of  providing  the  customer  with  the  service 
required. 

Most  immediate  reliability  problems  in  the  copper 
network  are  being  overcome  by  replacing  highly 
fault  prone  sections  with  new  copper,  particularly 
in  areas  where  no  fibre  is  anticipated  within 
5-10  years  time. 


Flexible  access  networks: 

British  Telecom  is  planning  the  introduction  of 
single-mode  optical  fibre  into  its  local  loop  in 
a  number  of  stages;  beginning  with  fibre  for 
service  provision  to  large  and  medium  businesses, 
followed  by  small  businesses  and  so  on  leading  to 
the  long-term  goal  of  comprehensive  fibre  network, 
ultimately  reaching  even  the  single-line  customer. 
The  spearhead  is  the  deployment  of  fibre  in 
single  star  configurations  using  dedicated  fibres 
between  the  central  office  and  major  business 
customers.  To  date  61,000km  of  fibre  has  been 
installed,  which  represents  some  6%  of  BT 
connections  Optimistic  projection  increases  this 
figure  to  only  50%  by  the  year  2000. 

The  key  elements  of  these  fibre  access  systems 
are  sunmarised  as:- 

*  Primary  multiplexers  located  at  customers 
premises  along  with  appropriate  higher  order 
multiplexers  and  optoelectronics. 

*  Dedicated  single-mode  optical  fibre  cable 
network, 

*  Software  to  monitor  and  control  the  hardware 
and  to  interface  with  existing  operations 
systems. 

Several  options  exist  for  the  progression  of 
single-mode  fibre  systems  to  smaller  customer 
sites.  It  is  probable  that  single  star  fibre 
access  systems  will  become  economic  for  smaller 
numbers  of  circuits  to  business  customers  as 
component  volumes  increase  and  fibre  handling 
techniques  mature.  However,  alternative  fibre 
architectures  are  more  likely  to  find  economic 
application  for  thw  small  business  and  domestic 
customer  (3). 
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Access  network  in  the  future: 

It  is  not  currently  economic  to  provide  a 
dedicated  fibre  to  the  small  business  and 
domestic  customer,  based  on  existing  service 
requirements.  The  introduction  and  proliferation 
of  wide-band  services  both  in  the  domestic  and 
in  the  business  sector  will  clearly  change  the 
situation,  however  growth  in  such  services  is  at 
present  uncertain. 

One  promising  method  of  reducing  the  cost  is  by 
sharing  some  of  the  equipment  amongst  several 
customers.  BT  is  primarily  focusing  its 
attention  on  two  such  networks. 


Broadband  Integrated  Distributed  Star  (BIDS): 

This  is  a  classical  double  star  (4).  It  is 
primariliy  aimed  at  the  domestic  market  and 
delivers  telephony  and  cable  TV  on  optical  fibre 
to  the  customers'  premises.  This  technology 
therefore  represents  an  entry  stategy  for  fibre 
in  the  local  loop  based  on  the  provision  of 
wide-band  services  at  the  same  time  as  telephony. 
This  will  allow  the  initial  higher  cost  to  be 
offset  by  higher  charges  accrued  by  the  delivery 
of  entertainment  services. 

It  is  worth  noting  that  BT's  license  is,  however, 
due  to  be  reviewed  in  1990  with  the  possibility 
of  further  changes  to  come. 


Telephony  on  Passive  Optical  Networks  (TPON): 

This  is  a  relatively  recent  approach  to  network 
design  which  has  lately  been  receiving  much 
attention  (5).  Passive  optical  splitters  are 
used  to  share  a  broadcast  signal  to  typically 
32-128  customers  (remote  terminals),  and  to 
combine  signals  in  the  return  direction.  TDM 
protocol  is  used  in  the  broadcast  direction  and 
TDMA  in  the  return  direction. 

Exchange  equipment  and  a  significant  fraction  of 
the  optical  plant  are  shared.  The  remote  terminal 
can  be  located  in  the  customers  premises  in  the 
case  of  a  domestic  customer  ("house  TPON"), 
though  further  sharing  can  be  achieved  by  siting 
the  remote  terminal  in  the  street  and  serving  a 
group  of  customers  via  a  final  copper  drop 
("street  TPON").  Small  business  customers  can  be 
served  by  a  remote  unit  delivering  several  lines 
("business  TPON").  In  addition  to  the  economic 
factors  TPON  offers  flexible  service  provision, 
extra  lines  can  be  allocated  by  programming  the 
exchange  equipment ,  thus  allowing  BT  to  quickly 
respond  to  growing  demand.  Current  cost 
projections  indicate  that  the  latter  two  versions 
will  be  cost  effective  when  delivering  POTS  or 
ISDN  telephony  (6).  TPON  is  therefore  an  entry 
strategy  based  on  existing  narrow-band  services. 
The  fibre  will  however  be  in  place  and  capable 
of  carrying  additional  services  at  marginal  cost. 
These  wide-band  services  can  be  multiplexed  on 
the  fibre  network  using  WDM  (or  other)  techniques 
(7).  It  is  envisaged  that  different  services 
could  be  provided  by  exploiting  the  spectral 
bandwidth  of  the  fibre  and  using  wavelength 
division  multiplexing  techniques.  The  customers 


will  access  different  services  as  required.  As  well 
as  telephony  both  broadcast  and  switch  wide-band 
services  can  be  provided. 


Local  access  field  trials: 

The  two  network  technologies  described  above  offer 
radically  different  solutions  to  larger-scale 
fibre  entry  in  the  local  loop.  BT  has  decided  to 
hold  trials  of  both  technologies  with  the 
following  objectives  (8). 

1.  To  demonstrate  the  technical  feasibility  of 
using  optical  fibres  in  the  local  loop  for 
single-line  telephony  customers. 

2.  To  allow  comparison  of  active  and  passive 
architectures  with  regard  to  cost,  technical 
performance,  ease  of  operation  and  customer 
response . 

3.  To  give  experience  in  practical  operational 
aspects  of  the  optical  loop  network,  including 
installation,  customer  chum,  reliability, 
maintenance  and  network  control. 

4.  To  provide  experience  to  allow  projection  of 
procurement  and  operational  cost  with  greater 
confidence  than  at  present. 

5.  To  give  BT  first-hand  knowledge  to  allow  full 
participation  in  the  world  debate  on  topologies, 
technologies  and  standards  for  optical  local 
networks. 

The  location  has  been  selected  to  be  Bishops 
Stortford,  a  town  of  some  12,000  houses.  Several 
suitable  housing  sites  have  been  identified 
radiating  outward  from  the  telephone  exchange  in 
various  directions.  Within  these  estates  there  is 
the  required  mixture  of  modem  and  older  property 
with  local  feed  either  being  overhead  or  directly 
buried  underground.  There  is  very  little  duct  all 
the  way  to  the  customers  premises. 

The  BIDS  networks  will  serve  up  to  112  customers. 
The  TPON  network  will  be  trialled  in  all  three 
forms,  house,  street  and  business,  serving  up  to 
298  customers.  The  first  customer  will  be 
connected  in  the  third  quarter  of  1990,  and  the 
trial  ends  in  1992  when  the  special  license 
provided  by  the  UK  government  expires. 


Personal  mobility; 

The  concept  of  personal  mobility  is  rapidly 
gaining  credibility  as  technology  and  market 
potential  evolve  (9).  Some  elements  are  already  in 
place  in  the  form  of  a  fast  growing  cellular 
network,  and  the  recently  launched  telepoint 
network. 

Current  costs  are  high  although  they  may  be 
expected  to  reduce  as  personal  mobility  becomes 
widely  used. 

Ultimately  this  technology  can  be  expected  to  form 
a  comprehensive  mobile  periphery  to  a  fixed 
network,  which  will  undoubtedly  look  very 
different  to  today's  fixed  network.  The  Long  lines 
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network  will  need  to  cope  with  a  great  increase 
in  traffic  and  clearly  will  need  to  be  able  to 
keep  track  of  callers  in  order  to  make 
connections.  The  access  network,  on  the  other 
hand  will  need  to  connect  the  many  short  range 
radio  mobility  stations  with  small  cells  being 
required  to  serve  urban  areas.  Such  mobility 
stations  will  need  spacing  of  order  100m  and  could 
be  supported  by  passive  optical  networks  (PONs) 
(amongst  others)  similar  to  those  being  trialled 
in  Bishops  Stortford. 


Conclusions 


British  Telecom  is  in  the  midst  of  a  massive 
modernisation  programme  of  its  network.  The  two 
major  physical  changes  involve  a  wholesale  move 
to  digital  technolgy  and  to  all  singlemode 
optica]  fibre  transmission  media.  By  the  year 
2000  this  will  be  the  case  for  the  trunk  and 
junction  part  of  the  network,  and  will  bring 
fibre  to  within  2km  of  the  customers  premises. 
Current  technology  is  also  capable  of  serving 
large  business  customers  with  dedicated  fibre 
links.  The  major  remaining  challenge  will  be  the 
access  part  of  the  network. 

Development  work  and  field  trials  are  testing 
several  technical  solutions  which  have  the 
potential  to  bring  the  fibre  to  the  small  business 
or  to  within  100m  of  domestic  customers.  Hie  last 
"gap"  may  be  bridged  by  new  high  revenue  earning 
services,  and  in  any  case  could  be  served  via 
radio  promoting  personal  mobility  as  the  primary 
way  of  accessing  the  telephone  network.  All 
indications  are  that  traffic  and  new  services 
will  continue  to  grow  rapidly  and  BT's  network 
will  need  to  stay  ahead  of  the  demand  and  satisfy 
its  customers  in  a  flexible  and  responsive  manner. 
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CURRENT  AND  FUTURE  REQUIREMENTS  FOR  COPPER/OPTICAL  FIBRE  CABLES 
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Deutsche  Bundespost  Telekom,  FTZ  Darmstadt,  Germany 


Abstract 

The  first  part  gives  an  overview  of 
the  copper  cable  and  the  optical 
fibre  cable  network  of  the  Deutsche 
Bundespost  Telekom  (DBPT).  The  cable 
construction,  statistical  values  and 
the  demand  for  the  next  years  are 
given . 

Part  two  describes  the  future  trend 
for  copper  cables  and  the  activities 
of  the  Deutsche  Bundespost  Telekom 
for  the  introduction  of  the  optical 
fibre  cables  and  systems  in  the 
local  loop.  The  status  of  the 
different  pilot  projects  with  the 
Raynet  Corporation  and  several 
German  telecommunications  equipment 
manufacturers  is  given. 


Introduction 

Until  about  1980  the  cable-network 
of  the  Deutsche  Bundespost  Telekom 
has  consisted  of  copper  cables  only. 
This  has  basically  applied  up  to  now 
to  the  local  loop  while,  in  the 
junction  and  trunk  networks,  the 
optical  fibre  cables  have  set  out 
for  their  triumphal  march.  The 
Deutsche  Bundespost  Telekom  has 
undertaken  or  is  planning  some  field 
trials  for  the  use  of  optical  fibre 
systems  in  the  local  loop.  Before 
discussing  these  activities,  we  will 
make  some  remarks  on  the  existing 
network. 


Present  situation  of  the  cable 
networks 

1  The  copper  cables  local  network 

The  backbone  of  the  narrowband 
service  is  the  telephone  service 
with  presently  about  30  million 
subscriber  main  stations  in  3748 
local  networks  and  6657  subscriber 
line  areas.  Related  to  main 
stations,  other  narrowband  services 
such  as  telex  have  only  a  share  of 
<  3  per  cent.  The  subscriber  line 

network  is,  therefore,  tailored  to 
for  the  telephone  service. 

The  subscriber  line  network  is  a 
star  network  consisting  of 
symmetrical  copper  cables  and  pairs 
which  are  0.4,  0.6,  0.8  mm  in 

diameter.  The  subscriber  line  area 
is  divided  into  the  main  and, 
distribution  cable  area.  Main  cables 
are  provided  section  by  section  in 
keeping  with  the  demand.  Main  cables 
are  unfilled,  PE  insulated  cables 
with  a  laminated  PE  sheath.  Cables 
with  pairs  of  0.4  mm  in  diameter 
have  a  solid  PE  insulation.  Cables 
with  pairs  of  0.6  and  0.8  mm  in 
diameter  have  a  cellular  PE 
insulation.  The  cable  construction 
does  not  make  a  difference  between 
buried  cables  and  duct  cables.  The 
same  cable  construction  is, 
therefore,  used  for  directly  buried 
cables  or  cables  pulled  in  ducts. 

The  pulling  of  cables  in  ducts 
restricts  the  maximum  pair  number  to 
2000  pairs  of  0.4  mm  diameter  or  to 
1200  pairs  of  0.6  mm.  The  smallest 
element  is,  as  in  the  case  of  the 
formerly  used  paper  insulated 
cables,  a  quad.  Main  cables  are 
pressurized  with  a  maximum  pressure 
of  0.5  bar.  The  air  flow  through  the 
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cable  is  monitored  at  the  exchange 
for  the  purpose  of  fault  signalling. 

Because  of  the  fact  that  costs  of 
laying  a  cable  are  high  as  compared 
to  cable  costs,  it  is  more 
economical,  in  the  case  of 
distribution  cables,  to  choose 
-  from  the  very  start  -  a  cable  size 
meeting  the  final  demand.  The 
construction  of  distribution  cables 
is  similar  to  that  of  main  cables, 
but  they  are  filled  and  not 
pressurized . 

Cables  with  pairs  of  0.4  mm  diameter 
have,  like  main  cables,  a  solid  PE 
insulation.  Cables  with  pairs  of  0.6 
and  0.8  mm  diameter  have  a  foam  skin 
PE  insulation. 


main  cable  distribution  cable 


Figure  1:  Main-  and  distribution  cables  of 
Deutsche  Bundespost  Telekos 
Examples  direct  hurried  cables  (d.b.c) 
0.4  an  and  *  0.6  n  in  dlaaeter  and 
duct  cables  (d.c)  0.4  m  and  *  0.6  u 
In  dlaneter 


are  0.4  mm  in  diameter.  In  Figure  1 
no  distinction  is  made  between 
cables  with  plastic  insulated  pairs 
and  a  plastic  sheath  and  paper 
insulated  pairs  with  a  lead  sheath. 
The  proportion  of  paper  insulated 
cables  in  the  local  loop  is  about  25 
per  cent,  but  this  share  is 
decreasing  year  by  year. 

Aerial  cables  are  of  minor 
importance  in  the  local  loop  of  the 
Deutsche  Bundespost  Telekom.  In 
principle,  the  aerial  cables  used 
have  a  maximum  of  10  pairs.  For  many 
years,  we  have  employed  self- 
supporting  cables  with  glass  yarn  in 
the  sheath.  Years  ago  we  used  what 
is  termed  "Figure  8  cables"  some  of 
which  are  still  in  the  network.  The 
small  importance  of  the  aerial 
cables  in  the  local  loop  of  the 
Deutsche  Bundespost  Telekom  is  shown 
in  Figure  2.  This  figure  indicates 
the  pairkm  of  buried,  duct  and 
aerial  cables. 


type  of  cable 

Figure  2:  Direct  burrled  cables,  cables  in  ducts  and  aerial 
cables  of  Deutsche  Bundespost  Telekoa 


Figure  1  classifies  the  main  and 
distribution  cables  according  to  the 
different  diameters  (0.4  mm  and  > 
0.6  mm)  of  the  conductors  and 
different  kinds  of  cable  laying 
(directly  buried  or  in  ducts).  The 
sum  of  main  and  distribution  cables 
contains  a  particularly  large  share 
(about  64  per  cent)  of  pairs  which 


Assuming  the  latest  forecasts,  the 
state  of  network  completion  is  85 
per  cent  for  main  cables  and  94  per 
cent  for  distribution  cables. 
Requests  for  u  new  telephone  main 
station  can  be  fulfilled  in  almost 
every  case.  The  increase  in  main 
stations  in  1989  was  about  1 
million.  Only  about  0.03  million  new 
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subscribers  have  to  vait  more  than  4 
weeks  because  of  lack  of  lines. 

In  spite  of  the  large  inctease  in 
the  number  of  subscribers,  the 
investment  in  the  local  loop  for 
copper  cables  has  been  decreasing 
for  many  years.  This  trend  is 
illustrated  in  Figures  3  and  4. 
Figure  3  shows  the  demand,  split  up 
for 

-  extension  and 

-  replacement 
of  main  cables. 


Figure  Ji  Material  Investments  of  Deutsche  Bundespost  Telekoa 
Exaaple:  uln  cables 


Figure  4:  Material  Investments  ot  Deutsche  Bundespost  Telefco* 
Exaaple:  distribution  cables 


Figure  4  indicates  the  corresponding 
values  of  the  distribution  cables. 
The  large  share  of  replacement  is 
very  important.  All  in  all,  the 
investment  activities  will  decrease 
from  the  present  figure  of  about  3.9 
million  pairkm  to  approximately  2.7 
million  pairkm  within  10  years. 


1.2  The  copper  cable  trunk  network 

For  the  extension  of  the  trunk 
network  we  used  only  copper  cables 
with  symmetrical  and  coaxial  pairs 
up  to  1980.  Since  the  introduction 
of  optical  fibre  cables,  the 
importance  of  copper  cables  has 
decreased  in  the  trunk  network.  The 
supply  of  copper  cables 

-  9.5  million  pairkm  and 

-  0.35  million  coaxpairkm 

is  stagnating.  The  material 
investments  for  replacement  and  very 
small  extension  is  now  below  0.5  per 
cent  of  the  supply  and  will  decrease 
to  less  than  0.1  per  cent.  Copper- 
trunk  cables  are  therefore  no  more 
of  economic  importance. 


3  The  Cable  TV  network 

In  the  early  eighties,  the  Deutsche 
Bundespost  Telekom  decided  to 
install  a  large-scale  coaxial- 
broadband  network  for  CATV  in  the 
whole  country. In  this  network  with 
longitudinal  welded  outer 

conductors,  the  coaxial  cables 
transmit  in  the  frequence  range  up 
to  450  MHz  a  maximum  of  35  TV 
signals  plus  30  FM  and  16  digital 
stereophonic  sound  signals.  Because 
of  the  simultaneous  offer  of  all 
programmes  at  the  network  subscriber 
interfaces,  the  network  structure  is 
a  tree  structure.  In  the  CATV 
network  a  distinction  is  made 
between  4  levels.  A  and  B  basic 
links  contain  active  elements.  C 
basic  links  are  connected  to 
repeater  points  of  level  A  and  B 
without,  however,  containing  any 
active  elements.  The  links  to  the  D 
level  are  passive  couplers.  D  basic 
links  terminate  ot  the  subscriber 
interfaces.  The  CATV  subscriber  line 
areas  should  be  as  congruent  as 
possible  with  telephone  subscriber 
line  areas.. 

The  number  of  households  ready  for 
connection  was  about  14.5  million  in 
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the  middle  of  this  year  and  about 
6.8  million  homes  were  actually 
connected.  This  is  equivalent  to  a 
provision  rate  of  55  per  cent  (ratio 
of  homes  ready  for  connection  to 
total  number  of  accommodation  units) 
and  a  broadband  service  of  about  47 
per  cent  (ratio  of  connected 
accommodation  units  ready  for 
connection) . 

With  respect  to  the  completion  of 
the  CATV  network,  it  must  be  borne 
in  mind  that  there  are  certain 
profitability  constraints.  The 
average  investment  per  accomodation 
unit  ought  not  to  exceed  DM  700,-. 
This  strategy  is  shown  in  Figure  5. 
After  a  large  increase  until  1990, 
the  investments  will  decrease  in  the 
future. 


Figure  5s  Material  investments  of  Deutsche  Bundespost  Telekom 
Example:  CATV-cables 


4  The  optical  fibre  local  network 

Up  to  now,  the  Deutsche  Bundespost 
Telekom  has  not  conceived  a  strategy 
for  the  completition  of  the  local 
network  using  optical  fibre  cables 
for  small  and/or  broadband  services. 
In  1986/87,  however,  the  Deutsche 
Bundespost  Telekom  started  to  lay 
optical  fibre  cables  in  those  parts 
of  the  29  biggest  local  areas,  where 
demand  -e.g.  centre  of  business-  is 
expected.  Optical  fibre  cables  were 
also  used  in  the  junction  network. 
Figure  6  shows  the  increase  of 
optical  fibre  cables  in  the  local 


network.  The  curve  stops  in  1990, 
the  year  when  the  planned 
completion,  of  the  network  for 
future  services  will  come  to  an  end. 
A  total  of  about  250,000  fibrekm 
will  be  installed. 

-  100,000  fibrekm  of  junction  cables 
75,000  fibrekm  of  junction  cables 
for  the  general  digitization 
75,000  fibrekm  in  the  local  loop 
for  new  services 

This  prototype  optical  fibre  network 
will  be  used,  in  part,  in  the 
prototype  digital  broadband  network, 
which  offers  the  possibility  of 
direct  distance  dialling.  The 
network  is  being  developed  for  1500 
subscribers . 


year 

Figure  6:  Optical  flDres  In  the  netxork  of 
Deutsche  Bundespost  Telekom 


5  The  optical  fibre  trunk  network 

Since  about  1985  only  optical  fibre 
cables  have  been  installed  in  the 
trunk  network.  The  optical  fibre 
cables  are  single-mode  optical  fibre 
cables  in  bundle  construction  having 
a  laminated  PE  sheath.  The  1300  nm 
wavelength  region  is  used  for 
transmission . 

The  investment  made  for  optical 
fibre  cables  in  the  trunk  network 
will  also  decrease  in  the  next 
years,  because  of 
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-  large  reserves  were  installed  in 
the  completion  of  the  network  for 
future  services  and 

-  the  demand  for  future  services 
has  not  existed  up  to  now. 

Moreover,  the  repeater  spacing  in 
the  network  was  chosen  such  that,  at 
present,  it  is  possible  to  transmit 
565  Mbit/s  and,  as  soon  as  the 
systems  available,  even  2.4  Gbit/s. 

This  will  quadruple  the  capacity  of 
the  existing  network,  without  laying 
a  single  cable.  Furthermore,  the 
1550  nm  wavelength  region  is  open 
for  transmission. 

Figure  6  shows  the  decreasing  demand 
for-  optical  fibre  cables  in  the 
trunk  network  (trunk  and  regional). 


With  the  introduction  of  plastic 
insulated  copper  cables  in  the  local 
network  about  20  years  ago,  a 
transmission  medium  was  introduced, 
which 

-  is  very  sophisticated 

-  has  a  long  life. 

We  do  not  expect  fundamental  changes 
anymore.  The  introduction  of  the 
narrowband  ISDN  did  not  lead  to  new 
copper  cables,  either,  because  we 
can  use  the  existing  network  for 
ISDN  as  well.  In  other  words,  the 
installed  network  with  its  existing 
cables  fulfills  both  the 
requirements  of  analogue  systems  and 
the  narrowband  ISDN. 

Bearing  in  mind  that  ISDN  can 
transmit  two  channels  with  one  pair, 
the  copper  network  still  contains 
substantial  reserves. 

As  we  expect,  in  the  local  loop,  the 
changeover  to  an  optical  fibre 
network,  we  try  to  minimize  the 
investment  by  the  use  of  multiplex 
transmission  systems  (such  as  cable 
systems  incorporating  a  few  channels 
only) . 


possible.  After  precise  technical 
terms  of  delivery  were  defined  in 
recent  years,  which  allow  both  a 
European  and  worldwide  tender  of 
cable  purchases,  this  goal  was 
achieved. 

For  the  sake  of  completeness,  it  is 
necessary  to  mention  one  new  cable 
type  of  minor  importance.  We  have 
developed  a  new  ISDN-indoor  cable 
instead  of  the  commonly  used  PVC 
insulated  indoor  cable  with  a  PVC 
sheath . 

This  new  indoor  cable  has  PE 
insulated  pairs  and  a  halogen-free 
sheath.  Because  of  this,  the 
capacity  was  reduced  from  70  nF/km 
to  35  nF/km  and  the  bus  length 
between  the  Network  Terminator  (NT) 
and  the  telephone  set  was  increased 
from  about  150  m  to  approximately 
230  m. 

The  development  of  copper  trunk 
cables  has  been  discontinued, 
because  they  are  pushed  aside  by 
optical  fibre  cables.  In  the  case  of 
CATV  cables,  we  await  -as  shown 
later  on-  the  replacement  of 
conventional  cables  in  the  near 
future  or  somewhat  later. 


Optical  fibre  cables/  networks 


The  successful  use  of  optical  fibre 
cables  in  the  trunk  network  is 
limited  in  the  local  loop  by 
economic  constraints.  One  reason  is 
the  missing  demand  for  broadband 
services  and  the  other  the  lack  of 
economic  solutions  and  techniques. 
As  we  are  of  the  opinion  that,  in 
the  long  run,  optical  fibre  will  be 
used  in  the  local  loop  as  well,  we 
are  looking  for  a  flexible  strategy. 
Regardless  of  the  development  and 
introduction  of  broadband  services, 
we  intend  to  use  optical  fibre 
systems  for  supplying  the  customers 
with  conventional  telecommunications 
services  in  order  to  achieve  a 
significant  cost  reduction  caused  by 
the  advantages  expected  from  large 
quantities. 


To  sum  up,  the  development  of  copper 
cables  is,  in  principle,  coming  to 
am  end.  Our  efforts  are,  therefore, 
only  aimed  at  maintaining  the 
quality  of  the  network  and  at  buying 
the  required  cables  as  cheap  as 


Left  open  is  the  option  of  extending 
those  systems  to  broadband  services. 
From  this  point  of  view 
-  optical  fibre  systems  cannot  be 
economically  employed,  at  present, 
in  the  local  loop 
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-  the  lackup  demand  for  broadband 
services  does  not  allow  the 
completion  of  the  local  area  with 
optical  fibres 

-  pilot  projects  of  technical  and 
economical  solutions  for 
conventional  services  for  the 
purpose  of  achieving  a  cost 
reduction  by  the  use  of  large 
quantities 

-  possible  extension  to  broadband 
services 

The  Deutsche  Bundespost  Telekom  has 
decided  to  undertake  several  pilot 
projects.  These  pilot  projects  are 
known  by  the  name  of  OPAL,  which  in 
this  context,  does  not  refer  to  a 
gem.  it  is  a  abbreviation  for 
"OPTICAL  ACCESS  LINE". 


2.1  Pilot  projects  with  Ravnet. 
Corporation 

The  contract  with  the  Raynet 
Corporation  which  was  concluded  in 
1988  defines  3  levels: 

OPAL  1 

Level  1  is  foreseen  in  the  local 
loop  49  of  the  local  area  of 
Cologne.  OPAL  1  is  an  optical  fibre 
system  for  192  analogue  telephone 
sets  and  96  network  user  interfaces 
for  CATV.  Project  level  1  was 
officially  initialized  on  Mai  31, 
1990. 

OPAL  2 

Project  level  2  is  foreseen  in  local 
loop  23  in  the  local  area  of 
Frankfurt/Main.  OPAL  2  is  an  optical 
fibre  system  for  analogue  and 
digital  transmission.  In  the  latter 
case  it  is  intended  especially  for 
ISDN  basic  and  2  Mbit/s  accesses  and 
2  Mbit/s  fixed  connections. 
Operation  is  planned  to  start  in 
September  1991. 

The  3rd  level  is  an  extension  of 
level  2  to  broadband  communications 
services.  Clear-cut  concepts  are 
still  lacking. 


2.2  Pilot  projects  for  CATV  in 
rural  areas 

Looking  at  the  cost  limit,  of  DM 
700,-  DM  per  accommodation  unit,  the 
completion  of  the  CATV  network 
limits  in  rural  areas  on  economical 
boundaries.  But  in  these  areas  there 


are  more  than  50  per  cent  of  all 
communities.  To  connect  these  also 
these  communities  to  the  CATV 
network,  the  Deutsche  Bundespost 
Telekom  is  looking  for  economical 
solutions.  It  seems  that  optical 
fibre  systems  are  one  possibility. 

OPAL  3 

Raynet  has  been  ordered  this  year  to 
set  up  a  pilot  project  system  for 
CATV  in  a  rural  area.  This  is 
intended  to  verify  the  CATV  system 
of  OPAL  1  for  a  rural  area  and  to 
verify  the  economics.  The  area  will 
be  the  community  "Lippetal"  with 
about  4,500  accommodation  units.  The 
pilot  project  is  still  in  the 
planning  stage.  The  start  of 
operation  is  foreseen  in  the  middle 
of  1992. 

OPAL  7 

In  fall  1989  we  made  a  tender 
"Economical  use  of  optical  fibre 
systems  for  conventional 

telecommunication  services  in  the 
local  loop".  One  concept  was  a 
system  for  a  "CATV  network  in  rural 
areas".  OPAL  7  is  a  pilot  project 
developed  by  Bosch  for  these  areas. 


2.3  Other  pilot  pro.iects  in  the 
local  loop 

As  a  response  to  the  tender 
"Economical  use  of  optical  fibre 
systems  for  conventional 

telecommunication  services",  several 
proposals  were  made.  Three  of  them 
are  expected  to  become  pilot 
projects.  The  latest  date  for  the 
start  of  operation  for  all  three 
projects  is  the  last  quarter  of 
1991.  The  services  are:  conventional 
telecommunication  services,  fixed 
connections  and  CATV. 

OPAL  4 

The  local  area  of  Leipzig  is 
foreseen  for  OPAL  4.  Siemens  AG  will 
install  their  system  for  a  maximum 
of  400  main  stations. 

OPAL  5 

In  the  "Media  Park"  of  Cologne  the 
company  SEL  (Alcatel)  intends  to 
install  their  system  with  3x180  = 

540  64  kBit/s  channels. 

OPAL  6 

The  companies  AEG-ANT-PKI  have 
created  a  cooperative  group  called 
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FAST  to  install  their  system  in  the 
local  area  of  Nuremberg.  It  is  a 
pilot  project  for  about  200  main 
stations.  The  optical  fibre  cable  is 
a  ribbon  cable. 


Summary 

Since  the  telephone  network  of  the 
Deutsche  Bundespost  Telekom  is 
almost  100  per  cent  equipped  with 
copper  cables  and,  in  the  last  few 
years,  only  optical  fibre  cables 
have  been  used  for  completing  the 
trunk  network,  a  large  number  of 
pilot  projects  are  undertaken  to 
introduce  fibre  systems  in  local 
networks  in  order  to  pave  the  way 
for  a  future  offer  of 
telecommunication  services  at 
reasonable  cost. 
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ABSTRACT 

Many  United  States  government  agencies  (Department  of 
Defense  and  Department  of  Energy),  who  are  users  of  fiber 
optic  transmission  systems,  are  as  concerned  about  the 
optical  security  of  the  fiber  in  its  various  designs  and  cable 
configurations,  as  they  are  about  the  fiber’s  optical  loss  and 
bandwidth.  Although  the  design  of  the  fiber  optic  cable 
should  prevent  optical  energy  from  one  fiber  being  coupled 
into  another  fiber,  these  agencies  are  requiring  that  the 
fiber  optic  cables  be  qualified  for  their  optical  security  by 
measuring  the  crosstalk  of  the  cables.  In  order  to  satisfy 
their  needs,  a  program  has  been  established  to  measure 
crosstalk  on  samples  of  fibers  in  various  cable  designs.  This 
paper  will  describe  the  AT&T  Network  Systems  program 
to  qualify  the  security  of  various  fiber  optic  cables.  These 
cables  are  the  single  mode  and  multimode  versions  of 
outside  plant  and  inside  plant  cables,  in  loose  fiber, 
buffered  fiber,  and  ribbon  configurations.  The  paper  will 
document  the  crosstalk  measurements  for  these  cables,  and 
discuss  the  test  methods  and  test  equipment.  In  addition, 
the  subject  of  crosstalk  and  receiver  sensitivity  will  be 
addressed. 


INTRODUCTION. 

Crosstalk  in  fiber  optics  is  defined  as  the  measurable 
leakage  of  optical  energy  from  one  optical  conductor  to 
another.  For  a  fiber  optic  cable,  crosstalk  is  a  parameter 
which  quantifies  how  well  one  fiber  is  isolated  from 
another. 

The  presence  of  crosstalk  in  a  fiber  optic  cable  can  degrade 
the  security  of  the  fiber  optic  transmission.  For  the  optical 
transmission  to  be  secure,  there  should  be  no  measurable 
crosstalk.  For  systems  where  secure  communications 
(RED)  are  made  over  one  or  more  fibers  in  a  cable,  while 
nonsecure  communications  (BLACK)  are  made  over  other 
fibers  in  the  same  cable,  there  should  be  no  crosstalk 
between  fibers. 

The  design  of  the  fiber  optic  cable  normally  restricts  any 
light  path  between  fibers.  The  materials  which  surround 
the  core  of  the  fiber,  such  as  the  cladding  glass,  the  single 
and  dual  coatings,  and  the  buffer  materials  and  strength 
members  (if  applicable),  should  isolate  each  fiber  in  a  cable. 
The  physical  placement  of  the  fibers  in  the  cable  also 
provides  isolation.  The  measurement  of  crosstalk  will 
determine  the  degree  to  which  these  factors  prevent  light 
from  travelling  between  2  fibers  ir.  a  cable. 


The  connectors  which  are  assembled  onto  the  ends  of  a 
fiber  optic  cable,  or  splices  which  are  used  to  join  2  cables, 
may  contribute  to  the  crosstalk,  but  the  design  of  these 
components,  and  their  physical  placement  in  a  system,  also 
normally  restrict  crosstalk. 

The  Electronics  Industries  Association  (EIA)  and  the 
Telecommunications  Industry  Association  (TIA)  have 
published  a  fiber  optic  test  procedure  for  the  measurement 
of  crosstalk,  FOTP-42,  "Optical  Crosstalk  in  Fiber  Optic 
Components."  This  test  procedure  describes  the  approved 
method  for  measuring  and  calculating  crosstalk,  including 
the  test  equipment  and  test  sample.  The  procedure  itself  is 
very  simple  to  perform,  but  the  accuracy  of  the 
measurement  is  limited  by  the  dynamic  range  of  the  test 
equipment.  The  challenge  of  the  crosstalk  test  is  to  be  able 
to  measure  fiber  optic  noise  at  the  lowest  possible  level. 


DEFINITIONS. 

The  following  are  definitions  for  terms  used  in  this  paper. 

Source  Fiber:  The  fiber  which  is  connected  to  the  optical 
source  (LASER  or  LED). 

Test  Fiber:  The  fiber  which  is  connected  to  the  optical 
detectors. 

Far  End:  The  end  of  the  test  fiber  farthest  from  the 
source. 

Near  End:  The  end  of  the  test  fiber  nearest  to  the  source. 

Pr:  The  input  power  to  the  source  fiber,  measured  at  the 
output  end. 

Pf:  The  far  end  output  power  from  the  test  fiber. 

Pb:  The  near  end  output  power  from  the  test  fiber., 

CTf:  The  inherent  far  end  crosstalk,  defined  as  -10  log 
(Pf/Pr)  (for  power  in  watts),  or  as  Pr  -  Pf  (for  power  in 
dBm). 

CTb:  The  inherent  near  end  crosstalk,  defined  as  -10  log 
(P|,/Pr)  (for  power  in  watts),  or  as  P,  -  Pb  (for  power  in 
dBm). 

dBm:  Optical  power  in  decibels  referenced  to  one 
milliwatt. 
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HISTORY. 

The  subject  of  optical  crosstalk  has  been  addressed 
previously,  both  experimentally  and  theoretically. 
Crosstalk  measurements  were  made  by  Buckler  and  Miller 
in  1970  and  1977  for  multimode  ribbon  cable,  using  the 
cross-coupling  measurement  technique.!1!  This  technique 
relies  on  an  observer  being  able  to  distinguish  between  two 
adjacent  surfaces  that  differ  in  luminance  by  only  1 
percent.  One  fiber  is  energized  using  a  visible  He-Ne  laser, 
while  adjacent  fibers  are  observed  with  an  eye  loupe. 
Filter  material  is  inserted  into  the  laser  beam  path,  until 
the  observer  determines  that  the  luminance  of  the 
energized  fiber  and  the  adjacent  fiber  are  equivalent.  The 
results  of  this  experiment,  which  was  performed  on  2 
different  cable  samples,  showed  a  worst  case  far  end  optical 
crosstalk  of  55  dB. 

More  recent  crosstalk  measurements  have  been  made  by 
Gossage,  using  optical  sources  and  detection  equipment.!3! 
These  measurements,  made  at  Sandia  National 
Laboratories  in  1988  for  ribbon  and  loose  tube  cables, 
followed  the  EIA  procedure  FOTP-42.  The  purpose  of  this 
experiment  was  to  measure  ribbon  to  ribbon  and  tube  to 
tube  crosstalk.  A  worst  case  far  end  crosstalk  of  58  dB  was 
measured  for  the  ribbon  cable,  using  an  850  nm  source,  and 
a  worst  case  far  end  crosstalk  of  65  dB  was  measured  for 
the  loose  tube  cable,  also  at  850  nm. 

Crosstalk  has  also  been  studied  theoretically. 
Muthematical  formulas  for  the  crosstalk  phenomenon  have 
been  published.  Cherin  and  Murphy  modeled  crosstalk  in 
the  early  1970’s,  and  studied  the  effect  of  cladding 
thickness,  numerical  aperture,  length,  kappa  (a  parameter 
Indicating  the  power  distribution  among  the  modes  of  a 
fiber),  and  wavelength  on  far  end  crosstalk.!3!  Their 
computer  models  showed  that  increasing  the  cladding 
thickness  of  the  fiber  improved  the  crosstalk  isolation. 

Snyder  and  McIntyre  developed  crosstalk  formulas  for  2 
parallel,  identical  fibers,  for  a  hexagonal  array  of  fibers,  for 
lossy  fibers,  and  for  fibers  of  unequal  diameter  '!  They 
concluded  that  fibers  must  be  nearly  identical,  and  be 
touching,  to  be  able  to  couple  light  from  an  energized  fiber 
to  an  adjacent  fiber. 


The  industry  standard  for  the  measurement  of  optical 
crosstalk  is  ELA/TIA  standard  FOTP-42.!5!  This  procedure 
is  used  to  determine  the  magnitude  of  the  crosstalk 
between  2  fibers  in  a  cable  sample.  The  procedure  may 
also  be  used  to  measure  the  crosstalk  from  optical 
connectors  snd  splices.  Figure  1  is  a  block  diagram 
representation  of  the  crosstalk  measurement  procedure  for 
fiber  optic  cables.  In  this  diagram,  the  symbol  X  represents 
the  input  connector  of  the  source  and  detector. 


The  procedure  states  that  the  optical  source  shall  be 
noncoherent,  operating  at  the  same  wavelength  as  the 
system  for  wiiich  the  cable  is  intended.  The  source  and  the 
launch  optics  shall  overfill  the  source  fiber  of  the  cable 
sample.  The  detector  shall  be  capable  of  capturing  the 
entire  output  of  the  test  fiber.  The  source  shall  be  of  an 
intensity  that  is  at  least  40  dB  above  the  noise  floor  of  the 
detection  system. 


The  cable  sample  to  be  measured  for  optical  crosstalk  shall 
be  between  18  and  22  meters  (59.0  to  72.2  feet).  The 
sample  is  to  be  suspended  during  the  test  so  that 
microbending  Is  prevented.  Optical  connectors  may  be 
assembled  onto  the  ends  of  the  fibers  to  facilitate 
connection  to  the  source  and  detector. 

The  procedure  described  in  FOTP-42  was  followed  for  the 
crosstalk  measurements  documented  in  this  paper. 
However,  in  order  to  better  answer  questions  about  the 
security  of  fiber  optic  transmission,  other  measurements 
were  made  using  variations  of  the  procedure.  These 
variations  will  be  described,  and  the  test  data  will  be 
documented. 


The  following  table  (Table  I)  describes  the  test  equipment 
used  to  measure  optical  crosstalk. 


TABLE  L  TEST  EQUIPMENT 


Detection  Equipment 


power  meter 

Anrltsu  ML0001A 

detector 

Anrltsu  MA0012A 

display  resolution 

.01  dBm 

detector  element 

InOaAs  photodiode 

detector  Input 

blconlc  connector 

wavelength  range 

.75  jitn  to  1.7  /itn 

dynnmlc  range 

+3  dBm  to  -100  dBm 

(2  mw  to  0.1  pw) 

linearity  (overnll) 

±  .45  UB 

Sources  (LASER) 


Sources  (LED) 
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Figure  1.  Test  Procedure 


The  noise  level  of  the  test  equipment  was  measured  by 
darkening  the  detector-  and  reading  the  power  meter  every 
2.5  seconds  for  2  hours.  The  average  power  level  over  this 
time,  which  is  the  noise  level  of  the  test  equipment,  was 
.041  pw  (-103.9  dBm).  The  maximum  power  level  recorded 
was  .101  pw  (-100.0  dBm).  This  experiment  was  repeated 
twice,  darkening  the  detector  the  first  time  by  covering  the 
input  of  the  detector,  and  the  second  time  by  Inserting  one 
end  of  an  interconnection  cable  with  blconic  connectors 
into  the  detector.  For  this  second  method,  the  other  end  of 
the  interconnection  cable  was  covered  with  a  protective 
cap  to  darken  the  fiber. 

TEST  PARAMETERS. 

The  following  table  (Table  II)  summarises  all  of  the  test 
parameters  for  this  project. 

TABLE  II.  TEST  PARAMETERS 


Test  Parameter  # 

Source 

Exception  to  FOTP-42 

I 

1300  nm  LED  (#3) 

none 

2 

1300  nm  LASER  (#1) 

C\V  coherent  source 

3 

1300  nm  LASER  (#2) 

modulated  coherent  source 

4 

1650  nm  LED  (#4) 

none 

S 

860  nm  LED  (#5) 

none 

0 

1300  nm  LED  (#3) 

fiber  mlcrobcndlng 

7 

1300  nm  LASER  (#1) 

CW  coherent  sourect 

fiber  mtcrobendlng 

8 

1300  nm  LED  (#3) 

cable  mlcrobcndlng 

0 

1300  nm  LASER  (#1) 

CW  coherent  sourect 

cable  microbending 

10 

1300  nm  LED  (#3) 

restricted  launch 

(mode  strip) 

Both  LASER  and  LED  optical  sources  were  chosen  for  the 
measurements,  instead  of  only  the  noncoherent  LED  source 
called  for  in  FOTP-42,  since  both  types  of  sources  are  used 
in  fiber  optic  transmissions  systems.  For  the  same  reason  a 
modulated  LASER  source  (at  300  MHz)  was  selected  as  a 
test  parameter.  It  was  also  decided  to  study  the  effect  of 
microbending  on  crosstalk,  since  in  a  real  fiber  optic 
installation,  microbending  of  a  cable  or  fibers  may  occur. 


mum  cuu  imri  nut  m 


The  effect  of  microbending  on  crosstalk  had  been  studied 
by  Nishimura  and  others  In  the  mid  198O’s.l0l  Their 
experiments  showed  that  crosstalk  does  not  increase  before 
microbending  loss  increases  rapidly.  They  also  measured 
crosstalk  on  different  lengths  of  fiber  optic  cables,  and 
concluded  that  length  dependence  on  crosstalk  is  very 
small. 


Figure  2  is  a  block  diagram  representation  of  the  crosstalk 
measurement  procedure,  showing  how  microbending  was 
achieved.  The  cable,  samples  were  colled  to  the  minimum 
recommended  bending  radius  for  each  sample,  and  the 
fibers  in  a  cable  sample  were  wrapped  around  mandrels  of 
varying  diameters  at  the  near  end  of  the  cable.  The  source 
power  and  crosstalk  powers  were  monitored  during  the 
microbending  experiment.  In  this  diagram,  the  symbol  d 
represents  the  diameter  of  the  cable  coils  and  the  mandrels. 


CABLES  TESTED 

The  following  table  (Table  III)  lists  the  cable  designs  for 
which  optical  crosstalk  was  measured.  Included  is  the  table 
number  in  this  paper  where  the  test  data  may  be  found. 


TABLE  III.  CABLES 


Cable  Design 

Cable  Type 

Fiber  Type 

Table  # 

outside  plant 

AcctiRIbbon® 

single  mode 

IV 

outside  plant 

ribbon 

multimode 

V 

outside  plant 

Llghtpack® 

single  mode 

VI 

Inside  plant 

building  cable 

single  mode 

VII 

Inside  plant 

building  caKe 

multhi.ode 

VIII 

specialty 

tactical 

multimode 

IX 

specialty 

shipboard 

multimodi 

X 

sprclalty 

rnni 

multimode 

XI 

Interconnect 

duplex  |  multimode 

XII 
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The  ribbon  designs  consist  of  twelve,  parallel  fibers,  on 
approximately  .01  Inch  centers,  which  for  the  AccuRIbbon 
cable  are  held  In  place  by  a  UV-curable  matrix  material, 
and  for  the  multimode  cable  are  sandwiched  between  clear 
pressure  sensitive  adhesive  tapes.  For  the  Lightpack 
design,  up  to  twelve  fibers  are  In  a  loose  bundle,  held 
together  with  spirally  wrapped  color-coded  yarn  binders. 

The  fibers  in  the  building  cable  designs  and  the 
interconnect  cable  are  buffered  with  color-coded  PVC.  For 
the  tactical  cable,  the  shipboard  cable,  and  the  FDDI  cable, 
the  fibers  are  buffered  with  a  Hytrel®  material.  In 
addition,  strands  of  Kevlar®  surround  the  buffer  materials 
for  these  cable  designs. 


RESULTS 

The  crosstalk  measurements  data,  for  the  cable  samples 
shown  In  Table  III,  Is  documented  In  the  following  tables. 
All  of  the  source  power  values  (Pr)  are  typical  values  for 
each  cable  sample.  All  of  the  crosstalk  values,  either  In 
dBm  or  In  dB,  are  worst  case  values  for  each  cable  sample. 


For  the  Inside  plant,  specialty,  and  Interconnect  cable 
samples,  all  of  the  combinations  of  fiber  to  fiber  crosstalk 
were  measured.  For  the  Lightpack  cable  sample,  18  of  the 
84  fibers  were  selected  for  measuring,  12  from  one  bundle 
and  8  from  an  adjacent  bundle,  and  all  combinations  of  the 
18  fibers  were  tested.  For  the  ribbon  cables,  fiber  to  fiber 
crosstalk  was  measured  within  a  ribbon,  for  adjacent  fibers 
up  to  2  fibers  away  from  the  source  fiber.  Ribbon  to  ribbon 
crosstalk  was  also  measured,  for  2  adjacent  ribbons. 


TABLE  IV.  DATA  FOB  ACCURIBBON  CABLE 


TABLE  V.  DATA  FOR  RIBBON  CABLE 


coble  sample  1  144  fiber  AccuRIbbon  cable  (4GSX-144  BXD) 


fiber  type  J  8.3/125  pm  single  mode,  depressed  cladding 


sample  length  |  20.0  meters 


connectors  f  blconlc 


crosstalk  test;  fiber  to  fiber,  within  some  ribbon  (12  fibers) 


CTf 


(dBm)  |  (dB)  (dB) 


© 

© 

V 

<  -100 

coble  mlcrobcndlng  - 


7"  rod. loop 


1300  tun  LASER  (CW)  1  -3.1  <-100  <-100  >00.0 


crosstalk  test.*  ribbon  to  ribbon  (21  fibers) 


cable  sample  1 

108  fiber  ribbon  cable  (3BFX-108) 

fiber  type  ! 

02.5/125  pm  multimode,  graded  Index 

sample  length  j 

21.7  meters 

connectors 

blconlc 

crosstatk  test:  fiber  to  fiber,  within  same  ribbon  (12  fibers) 


test  parameters 


1300  nm  LED 


1300  nm  LASER  (CW) 


1300  nm  LASER  (mod) 


850  nm  LED 


fiber  mlcrobcndlng  - 


.0"  din.  mandrel 


1300  nm  LED 


1300  nm  LASER  (CW) 


cnble  mlcrobcndlng- 


5"  rad. loop 


1300  nm  LED 


1300  nm  LASER  (CW) 


(dBm)  (dBm)  (dBm)  (dB)  |  (dB) 


-15.3  <  -100  <  -100 


<  -100  <  -100  >  00.0  >  00.0 


<  -100  >  00.0  >  00.0 


<  -100  <  -100  >  01.1 


<  -100 

|  <-100 

<  -100 

A 

o 

© 

crosstalk  test:  ribbon  to  ribbon  (2-1  fibers) 


test  pnrnmcters 


(dBm)  (dBm)  (dBm)  (dB)  j  (dB) 


-15.3  <  -100  <  -100  >  84.7 


>  00.0  I 

>  00.0 

>  00.0 

>  00.0 

-10.1  <  -100  I  <  -100  j  >  83.0  |  >  83.0 


<-wn  I  <-ioo  I  >05.0  1  >  oe.o 


<  -100 


[  1300  nm  LASER  (CW)  1  -3.1  j  <  -130  <  -100  >  00.0  J  >  00.0  | 


o 

o 

V 

<  -100 

>  83.0 

>  83.0 

<-100  1 

<  -100 

>  00.0 

>  00.0 
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TABLE  VI.  DATA  FOR  LIGHTPACK  CABLE 


cable  sample 

84  fiber  Llghtpack  cable  (4DHX-084) 

fiber  type 

8.3/12S  /im  single  mode,  depressed  cladding 

sample  length 

21.4  meters 

connectors 

blconlc 

crotttalk  it$i:  fiber  to  fiber  (18  fibers) 


test  parameters 

Pr 

Pr 

mm 

E9 

mm] 

(dBm) 

(dBm) 

(dBm) 

(dB) 

1300  nm  LED 

-34.8 

<  -100 

<  -100 

>  05.2 

>  66.5  ] 

1300  nm  LASER  (CW) 

•  18.2 

<  -100 

BBD 

>81.8 

■ 

;&i£B 

fiber  microbending- 

mm 

,25"  din.  nm.idrel 

■■ 

1300  nm  LED 

-35.0 

<  -100 

3 

o 

o 

>  05.0 

>  65.0 

1300  nm  LASER  (CW) 

•  18.3 

<  -100 

<  -100 

>  81.7 

mm 

■ 

5" rad. loop 

1300  nm  LED 

-35.0 

<  -100 

<  -100 

>  05.0 

>  05.0 

1300  nm  LASER  (CW) 

-18.3 

TABLE  VIII.  DATA  FOR  LIGHTGUIDE  BUILDING  CABLE 


cable  sample 

12  fiber  Llghtguldc  building  coble  (LGBC-012A-LRX) 

fiber  type 

02.5/125  pm  multimode,  graded  Index,  buffered 

sample  length 

20.3  meters 

connectors 

blconlc 

croftlalJe  left:  fiber  to  fiber  (12  fibers) 


test  parameters 

P. 

Pr 

pt 

CT, 

CTb 

- - — 

(dBm) 

(dBm) 

(dBm) 

(dB) 

(dB) 

1300  nm  LED 

-15.0 

<  -100 

<-100 

>  84.1 

>  84.1 

1300  nm  LASER  (CW) 

-5.0 

<  -100 

>  03.1 

gj 

fiber  mlcrobcndlng- 

mm 

.15"  dla.  mandrel 

1300  nm  LED 

-15.0 

-08.5 

-07.0 

82.0 

82.0 

1300  nm  LASER  (CW) 

-0.0 

80.8 

80.2 

WRM 

HrS' 

cable  microbending- 

■  ■ 

1.5"  rad.  loop 

1300  nm  LED 

-15.0 

<  -100 

<  -100 

>  84.1 

>  84.1 

1300  nm  LASER  (CW) 

■a 

<  -100 

<  -100 

>  03.1 

>  03.1 

TABLE  VII.  DATA  FOR  LIGHTGUIDE  BUILDING  CABLE 


cable  sample 

4  fiber  Llghtguldc  building  cable  (LGBC-004A-SRX) 

fiber  type 

8.3/125  pm  single  mode,  depressed  cladding,  buffered 

sample  length 

10.7  meters 

connectors 

blconlc 

cro»»talk  te»t:  fiber  to  fiber  (4  fibers) 


test  parameters 

Pr 

Pr 

KSH 

W3M 

W5M 

iBIinBl 

(dBm) 

(dBm) 

(dB) 

(dB) 

1300  nm  LED 

-38.0 

<  -100 

<  -100 

>  62.0 

>  62.0 

mm 

<  -100 

>  02.3 

1650  nm  LED 

-36.3 

<  -100 

<-100 

>  64.7 

>  64.7 

gmi  —  |  mm 

■ 

■ 

B  B 

fiber  microbending- 

■  ■ 

.1"  dla.  mandrel 

■ 

1300  nm  LED 

•38.0 

•0.7 

<  -100 

<-100 

>  02.3 

>  02.3 

_ 

— 

cable  mlcrobcndlng- 

um 

■  ■ 

1.6"  rad.  loop 

m 

■ 

1300  nm  LED 

-38.0 

<  -100 

<-100 

>  62.0 

>  62.0 

1300  nm  LASER  (CW) 

-0.7 

<  -100 

<  -100 

ran 

>  02,3 

TABLE  IX.  DATA  FOR  TACTICAL  CABLE 


cable  sample 

2  fiber  tnctlcftl  coble  (LTC-2MH-X) 

fiber  type 

60/126  pm  multimode,  graded  Index,  buffered 

radiation  hardened 

sample  length 

10.3  meters 

connectors 

blconlc 

croutalk  left:  fiber  to  fiber  (2  fibers) 


test  parameters 

Pr 

Pb 

usm 

K5M 

(dBm) 

(dB) 

(dB) 

1300  nm  LED 

-18.6 

<  -100 

<-100 

>  81.6 

>  81.6 

1300  nm  LASER  (CW) 

mnm 

<  -100 

>  08.0 

>  08.0 

m 

cable  microbending- 

mm 

2.6"  rad.  loop 

bsbi 

1300  nm  LED 

•18.6 

1300  nm  LASER  (CW) 

-2.1 

<-100 

<  -100 

>  07.0 

>  07.0 
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TABLE  X.  DATA  FOR  SHIPBOARD  CABLE 


cable  sample 

4  fiber  shipboard  cable  (LSC-004L11T-A-X) 

fiber  type 

02.5/125  mn  multimode,  graded  Index,  buffered 

radiation  hardened 

snmplc  length 

21.8  meters 

connectors 

ST 

eroutafJtr  test;  fiber  to  fiber  ( I  fibers) 


test  parameters 

p. 

«“i 

■331 

mm 

(dBm) 

(dBm) 

(dBm) 

(dB) 

(dB) 

-15.0 

<  -100 

<  -100 

>  84.4 

BH 

1300  n in  LASER  (C\V) 

mm 

<  -100 

<  -100 

m 

fxm 

1550  nm  LED 

■2QI 

<  -100 

<  -100 

B2H 

■  ■ 

fiber  mlcrobcndlng- 

■ 

.6"  dla.  mandrel 

1300  nm  LED 

•  15.0 

<  -100 

<  -100 

>  84.4 

mm 

1300  nm  LASER  (C\V) 

•1.7 

>  08,3 

MITT 

mm 

cable  mlcrobcndlng  • 

mm 

3"  rad. loop 

1300  nm  LED 

-15.0 

<  .100 

<  -100 

>  84.4 

>  84.4 

1300  nm  LASER  (CW) 

-1.7 

<  -100 

<  -100 

restricted  launch 

.7"  dla.  mode  strip 

1300  nm  LED 

.23.2 

<-100 

<  -100 

>  70.8 

>  70.8 

CROSSTALK  IN  JAMPI2IS. 

For  the  multimode  (82.6/126  /im)  ribbon  cable  sample  (see 
Table  V),  there  was  no  measurable  crosstalk  present  for  the 
ribbons  terminated  with  blconic  connectors.  However, 
since  ribbon  cables  may  be  terminated  with  array  splices 
(positive  silicon  chips),  it  was  decided  to  measure  fiber  to 
fiber  crosstalk  for  this  ribbon  configuration. 

A  ribbon  in  the  cable  sample  was  selected  and 
connectorlied  on  both  ends  with  the  array  splice.  Two 
multimode  fanouts  and  two  1009C  connectors  (negative 
silicon  chips)  were  utilised  to  connect  this  ribbon  to  the 
test  equipment.  When  the  measurements  were  made, 
measurable  crosstalk  wae  present.  The  power  level  of  this 
crosstalk  was  low,  -82  dBm  worst  case,  and  the  crosstalk 
was  present  for  both  LASER  and  LED  sources. 

Since  measurable  crosstalk  was  not  present  for  the  ribbon 
terminated  with  biconics,  it  was  assumed  that  the  crosstalk 
present  in  the  ribbon  with  arrays  was  due  to  either  the 
array  splice  or  the  multimode  fanout.  To  test  the  effect  of 
the  array  splice  on  crosstalk,  two  82.5/125  pm,  ribbon 
samples  were  terminated  on  one  end  with  an  array  splice, 
and  terminated  on  the  other  end  with  biconics.  The  ends 
with  the  arrays  were  joined  with  1009C  connectors,  while 
the  ends  with  the  biconics  were  connected  to  the  test 
equipment.  For  this  configuration  there  was  no  measurable 
crosstalk,  although  it  was  seen  that  measurable  crosstalk 
(worst  case  power  level  -92  dBm)  was  present  if  the  arrays 
were  not  assembled  properly  with  the  1009C,  either 
misaligned,  or  with  insufficient  index  matching  material. 
This  experiment  was  repeated  a  second  time  with  2 
different  ribbon  samples,  with  the  same  results. 


TABLE  XI.  DATA  FOR  FDD!  CABLE 


cable  snmplc 

2  fiber  FDDI  cnble  (CA8023) 

fiber  type 

02.6/126  fim  multi  mod'4,  graded  index,  buffered 

snmplc  length 

10.1  meters 

connectors 

ST 

crosstalk  test:  fiber  to  fiber  (12  fibers) 


test  parameters 

P, 

F, 

Fb 

■auB 

mm 

(dBm) 

(dBm) 

(dBm) 

(dB) 

(dB) 

1300  nm  LED 

-10.8 

<  -100 

<  -100 

>  80.2 

>  80.2 

1300  nm  LASER  (CW) 

m 

<  -100 

<  -100 

>  03.5 

>  03,5 

fiber  microbending- 

*1"  dla.  mandrel 

1300  nm  LED 

>10.8 

<  -100 

<  -100 

>  80.2 

>  80.2 

1300  nm  LASER  (CW) 

mm 

-08.4 

<  -100 

HI 

>  03.5 

cable  mlcrobcndlng. 

2"  rad.  loop 

1300  nm  LED 

-10.8 

<  -100 

<  -100 

>  80.2 

1300  nm  LASER  (CW) 

-0.5 

<  -100 

<  -100 

>  03.6 

>  03.5 

TABLE  XII.  DATA  FOR  INTERCONNECTION  CABLE 


cable  sample 

2  fiber  Interconnection  cable  (1801A) 

fiber  type 

02.6/125  pm  multimode,  graded  Index,  buffered 

sample  length 

21.3  meters 

connectors 

blconte 

crosstalk  tell:  fiber  to  Bbcr  (2  fibers) 


test  parameters 

Pr 

Pr 

Pb 

CT, 

CTb 

(dBm) 

(dBm) 

(dBm) 

(dB) 

(dB) 

1300  nm  LED 

-10.0 

<-100 

<  -100 

>  81.0 

>  81.0 

1300  nm  LASER  (CW) 

-7.3 

<  -100 

<-100 

>  02.7 

>  92.7 

850  nm  LED 

.8.0 

<-100 

<  -100 

>  01.1 

>  #1.1 

fiber  mlcrobcndlng- 

.25"  dia.  mandrel 

1300  nm  LED 

-10.0 

<  -100 

<  -100 

>  81.0 

>  81.0 

1300  nm  LASER  (CW) 

-7.3 

<  -100 

<  -100 

>  02.7 

>  #2.7 

cable  mlcrobcndlng- 

.5"  rad.  loop 

1300  nm  LED 

-10.0 

<  -100 

<  -100 

>  81.0 

>  81.0 

1300  nm  LASER  (CW) 

-7.3 

<  -100 

<  -100 

>  02.7 

>  02.7 

The  effect  of  the  fanout  on  crosstalk  was  tested  by  joining 
the  array  ends  of  two  fanouts  (82.6/126  pm)  with  the  1009C 
connector,  and  connecting  the  other  ends  of  the  fanouts  to 
the  test  equipment.  This  product  configuration  yielded 
measurable  crosstalk,  with  worst  case  power  levels  of  -98 
dBm  with  a  LASER  source,  and  -78  dBm  with  a  LED 
source.  Further  analysis,  using  a  visible  He-Ne  LASER, 
showed  that  the  crosstalk  probably  was  occurring  at  the 
transition  point  of  the  fanout,  which  is  the  point  where  the 
12  fibers  in  the  ribbon  configuration  are  separated  into 
individual  fibers.  At  this  point  the  fibers,  unbuffered,  are 
in  close  physical  proximity,  and  are  held  in  place  by  an 
epoxy.  Apparently  the  stress  on  the  fibers  by  the  epoxy 
causes  microbending  which  allows  light  from  one  fiber  to 
channel  to  another  fiber. 
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Figure  3.  Single  Mode  Ribbon,  LASER  Source 

This  test  was  repeated  for  the  50/125  pm,  multimode 
fanout,  and  for  the  8.3/125  /tm,  single  mode  fanout.  The 
multimode  version  had  measurable  crosstalk,  with  worst 
case  power  levels  of  -07  dBm  (LASER),  and  -86  dBm  (LED). 
Measurable  crosstalk  was  not  present  in  the  single  mode 
fanout.  This  finding  agrees  with  the  work  of  Marcuse, 
Gloge,  and  Marcatili,  who  stated  that  crosstalk  can  be 
reduced  by  surrounding  the  fiber  core  with  thicker 
claddings.)7'  The  core  of  a  single  mode  fiber  is  surrounded 
by  significantly  more  cladding  glass  than  the  multimode 
fiber. 

The  presonce  of  crosstalk  in  ribbons  terminated  with  array 
splices  was  also  reported  by  Buckler  and  Miller,)8)  and  by 
Gossage)0).  These  measurements  were  made  for  multimode 
(50/125  pm)  ribbons  only.  Although  It  has  been  shown  that 
misalignment  of  the  array  splices  can  be  a  cause  of 
crosstalk,  the  more  likely  reason  is  microbending  in  the 
construction  of  the  multimode  fanout  products. 


DETECTABILITY  OF  CROSSTALK 

As  shown  in  Tables  IV  through  XII  of  this  paper, 
measurable  crosstalk  was  detected  for  single  mode  and 
multimode  cable  samples  when  the  fibers  in  the  cables  were 
bent  around  mandrels,  whose  diameter  exceeded 
recommended  bend  diameters.  This  fiber  bending  Induced 
microbending  loss,  which  was  channeled  into  adjacent 
fibers,  both  buffered  and  not  buffered.  Measurable 
crosstalk  was  also  detected  in  multimode  fanout  products, 
also  as  a  result  of  microbending  loss. 


Figure  4.  Single  Mode  Ribbon,  LED  Source 

Even  though  the  crosstalk  did  exist  under  the  conditions 
described  above,  it  does  not  necessarily  mean  that  the 
security  of  the  fiber  optic  transmission  would  be  degraded. 
The  power  levels  of  the  crosstalk  were  at  very  low'  levels, 
-82  dBm  for  microbending  of  multimode  fiber,  and  -78  dBm 
for  multimode  fanouts.  To  determine  if  crosstalk  at  these 
levels  would  compromise  security,  two  areas  were 
investigated!  1)  the  relationship  between  crosstalk  (due  to 
microbending)  and  forward  loss;  and  2)  the  detectability  of 
crosstalk  by  optical  receivers  and  photon  counters. 

An  experiment  was  performed  for  single  mode  (8.3/125  pm) 
and  multimode  (82.5/125  pm)  ribbon  cable  samples.  The 
near  end  of  a  ribbon  for  each  cable  sample  was  tightly 
wrapped  for  one  turn  around  9  different  slsed  mandrels, 
ranging  in  diameter  from  .1"  to  2  inches.  For  each 
mandrel,  the  source  power  in  dBm,  measured  at  the  far  end 
of  the  cable  sample,  and  the  far  end  crosstalk  power,  also  in 
dBm,  were  recorded.  This  was  done  for  both  LASER  and 
LED  sources.  The  data  for  this  experiment  is  plotted  in 
Figures  3  through  8. 

In  all  cases,  with  the  exception  of  the  multimode  ribbon 
sample  with  the  LASER  source,  the  forward  loss  of  the 
source  power  increased  before  the  far  end  crosstalk  was 
detected.  For  the  multimode  ribbon  sample,  the  source 
power  was  not  attenuated  by  the  fiber  bending,  while  far 
end  crosstalk  was  detected  at  a  bend  diameter  of  .9".  The 
worst  case  crosstalk  for  this  sample  of  -73.6  dBm  occurred 
at  the  ,1"  diameter  bend.  Except  for  this  one  case,  these 
results  agree  with  the  findings  of  Nishimura.l10)  Crosstalk 
due  to  microbonding  of  the  fiber  or  the  cable  should  be 
detectable  by  monitoring  the  forward  loss  of  the  source 
power. 

To  determine  at  what  power  level  optical  crosstalk  can  be 
detected  and  Interpreted  as  information,  thereby 
compromising  security,  the  following  analysis  was  made. 
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For  an  optical  receiver  to  convert  light  energy  to  electrical 
energy  at  aome  bit  error  rate,  each  optical  bit  must  constat 
of  a  minimum  number  of  photons.  Table  XIII  lists  the 
photon  requirements  for  some  detection  techniques  for  a  bit 
error  rate  of  10'®.lul 


TABLE  XIII.  PHOTON  REQUIREMENTS 


Detection  Method 

Photons/DIt 

Note# 

direct  detection 

(APD  receiver) 

10 

quantum  limit 

•100 

state  of  the  art 

2000 

typical  receiver 

coherent  detection 

(homodyne  receiver) 

phase-shift-kcycd  (PSK) 

0 

quantum  limit 

coherent  detection 

(heterodyne  receiver) 

phasc-shlft-keycd  (PSK) 

18 

quantum  limit 

amplltude-shlft-keyed  (ASK) 

30 

quantum  limit 

frequcncy-shlft-keycd  (FSK) 

30 

quantum  limit 

To  find  the  relationship  between  optical  power  and 
photons,  the  following  calculations  are  made/12)  First,  find 
the  amount  of  energy  (in  Joules)  per  photon. 


E  =  hc/Xn  where  E  =  photon  energy  (Joules) 
h  =  Planck’s  constant 

(8.83  x  10’34  Joule-sec) 
c  =  speed  of  light  (vacuum) 

(2.008  x  10*  raeters/sec) 

X  =  wavelength 
(1.3  /im) 

n  =  index  of  refraction 
(1.0003  for  air) 

Therefore,  E  =  1.62847  x  10' 10  Joules/photon. 

Next,  calculate  the  number  of  photons  detected  per  second 
for  a  given  power  level. 

M  =  P/E  where  M  =  number  of  photons 

per  second  of  detection 
P  =  power  level  (watts) 

Using  this  equation,  the  number  of  photons  detected  per 
second  was  calculated  for  a  constant  source  for  different 
power  levels  The  results  are  shown  In  Table  XIV. 

TABLE  XIV.  POWER  LEVELS  AND  PHOTON  COUNT 


power  (pw) 

power  (dBm) 

photon#/sec 

100 

-70 

064,240,000 

10 

-80 

05,424,000 

1 

-00 

0,642,400 

.1 

-100 

054,240 

.01 

-110 

05,425 
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Figure  7.  Detectability  of  Crosstalk 


Finallyt  to  find  the  number  of  photons  per  bit,  divide  the 
number  of  photons  per  second  by  the  transmission  rate. 

R  =  M/B  where  R  =  number  of  photons  per  bit 
B  =  transmission  rate  (bits/sec) 


Figure  7  is  a  plot  showing  the  relationship  between 
crosstalk  power,  transmission  rates,  number  of  photons, 
and  receiver  sensitivities.  Also  plotted  are  the  fundamental 
quantum  limit  for  APD  receivers  (10  photons/blt),  and  the 
typical  limit  for  receivers  (2000  photons/bit),  which  takes 
into  account  environmental  variables. 


As  can  be  seen  In  the  above  figure,  the  ability  of  optical 
crosstalk  to  be  detected  and  interpreted  as  information,  is 
dependent  on  the  speed  of  the  transmission.  The  crosstalk 
levels  measured  for  the  cable  samples  documented  in  this 
paper,  should  only  present  security  problems  for  very  slow 
transmission  rates. 

Using  the  equations  and  the  variables  defined  above,  the 
minimum  power  levels  for  crosstalk  to  be  intelligible  at 
different  transmission  rates,  can  be  calculated  using  the 
following  relationships. 

P  (in  watts)  =  RBE 

P  (In  dBm)  =  10  log  (RBE/.001) 


These  calculations,  shown  in  Table  XV,  have  been  made  for 
several  transmission  rates,  and  for  both  the  fundamental 
quantum  limit  and  the  typical  limit  for  detection.  For 
reference,  the  slowest  transmission  rote  is  DS1,  which  is  1.6 
Mb/s.  Two  other  "slow"  rates  are  DS3,  46  Mb/s,  and  the 
rate  for  FDDI,  100  Mb/s. 


TABLE  XV.  POWER  LEVELS  AND  TRANSMISSION  RATES 


detection  limit 

transmission  rate 

min  power 

min  power 

(photons/blt) 

(Mb/s) 

(watts) 

(dBm) 

10 

1.5 

3.4  pw 

•86.27 

45 

08.4  pw 

-71.06 

00 

137.1  pw 

-00.02 

417 

037.2  pw 

•61.00 

1700 

2.0  nw 

-66.06 

3000 

1.5 

471.0  pu 

•63,20 

46 

1.4  nw 

•48.62 

00 

37.5  nw 

•45.00 

417 

127.6  nw 

•38.05 

1700 

010.7  nw 

-32.86 

The  above  calculations  show  that  an  optical  crosstalk 
power  level  of  less  than  -100  dBm  does  not  meet  the 
fundamental  quantum  limit  for  detection,  and  also  would 
not  be  detectable  by  state  of  the  art  detection  equipment 
(APD  receivers,  photon  counters,  lock-in  amplifiers,  etc.), 
even  at  the  slowest  DS1  transmission  rate.  For  all  of  the 
cable  samples  documented  In  this  paper,  all  crosstalk  power 
measurements  were  less  than  -100  dBm,  except  for 
microbending  conditions.  Even  for  these  conditions,  where 
measurable  (greater  than  -100  dBm)  crosstalk  was 
encountered,  the  crosstalk  level  would  not  be  detectable  as 
Information  by  today’s  typical  receivers. 


CONCLUSION 

Optical  crosstalk  has  been  measured  for  0  single  mode  and 
multimode  fiber  optic  cable  designs.  The  measurement 
procedure  followed  was  EIA  standard  FOTP-42, 
Variations  of  the  procedure  were  made,  however,  in  order 
to  more  thoroughly  qualify  the  cable  designs  for 
transmission  security.  Optical  sources  used  Included  LED's 
(860  nm,  1300  nm,  1650  nm)  and  LASER’S  (1300  nm,  CW 
and  modulated).  Detection  equipment  was  sensitive  to  -100 
dBm.  Fiber  to  fiber  measurements  were  made  for  all  cable 
samples,  and  for  ribbon  cable  designs,  ribbon  to  ribbon 
measurements  were  made. 


The  following  is  a  summary  of  the  findings  for  this  project. 

•  For  all  of  the  cable  designs,  there  was  no  measurable 
crosstalk  recorded  at  the  -100  dBm  power  level,  for  both 
LED  and  LASER  sources,  for  physical  configurations  which 
avoided  microbending. 

•  For  physical  configurations  where  the  cable  samples  were 
coiled  to  the  recommended  minimum  bending  radius,  there 
was  no  measurable  crosstalk. 

•  Measurable  crosstalk  was  recorded  when  the  fibers  in 
some  of  the  cable  samples  were  wound,  for  one  turn  around 
mandrels  less  than  1  inch  in  diameter,  even  for  buffered 
fibers.  However,  for  ribbon  cable  designs,  there  was  no 
ribbon  to  ribbon  crosstalk  recorded. 

•  Crosstalk  is  present  in  multimode  fanout  products. 
There  was  no  measurable  crosstalk  recorded  for  the  single 
mode  fanout. 
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•  Array  splices  may  contribute  crosstalk  If  a  sembled 
Improperly. 

•  Further  experimentation  showed  the  relationship  of 
forward  loss  due  to  microbending,  and  crosstalk.  The  loss 
of  foiward  power  should  be  detected  before  significant 
crosstalk  Is  present. 

•  An  inalysis  of  crosstalk  and  receiver  sensitivity  was 
made,  which  showed  that  a  crosstalk  power  level  of  -100 
dBm  does  not  meet  the  fundamental  quantum  limit  for 
detection,  and  is  not  sufficient  to  be  sensed  as  Information 
by  state  of  the  art  detection  equipment.  For  power  levels 
greater  than  -100  dBm,  which  were  detected  for  fiber 
microbending,  the  crosstalk  level  would  not  be  detectable 
as  Information  by  today’s  typical  receivers,  and  only  would 
be  detectable  by  state  of  the  art  equipment  at  the  slowest 
transmission  rates. 

The  crosstalk  measurement  program,  which  has  been 
documented  in  this  paper,  has  shown  that  secure  and 
nonsecure  data  may  be  transmitted  safely  over  different 
fibers  within  the  same  fiber  optic  cable.  The  cables  listed 
In  this  paper  will  provide  a  secure  means  for  Fiber  optic 
transmission. 

Future  work  for  the  crosstalk  measurement  progrr  will 
include  the  testing  of  various  fiber  optic  splici  d 
connectors. 
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ABSTRACT 

Details  are  given  of  simulated  lightning 
strikes  to  a  range  of  STC  designed 
optical  fibre  cables  using  a  CCITT 
proposed  recommendation  for  a  Sand-Box 
test  in  which  peak  current  levels  from 
50KA  to  200KA  were  used.  The  paper 
discusses  the  nature  of  the  test 
parameters  used  particularly  with 
respect  to  the  length  and  direction  of 
the  arc.  Also,  comparison  is  made  with 
standard  aircraft  testing  techniques  for 
lightning  damage  susceptibility 
especially  in  relation  to  the  test 
waveforms  used.  Considerable  research 
has  been  done  on  this  aspect  for 
aircraft  safety.  The  forces  produced  by 
buried  arcs  in  the  deformation  of  brass 
tubes  was  investigated  as  a  reference 
method  and  is  discussed  in  some  detail. 


CABLE  TESTS 

The  susceptibility  to  damage  of  various 
cable  constructions  from  lightning 
strikes  has  been  extensively  reported  at 
this  Symposium  in  previous  years. 

Notwithstanding  this,  we  report  briefly 
herein  on  tests  conducted  on  a  range  of 
optical  fibre  cables,  including  all 
dielectric  versions,  manufactured  by 
STC.  The  Culham  Lightning  Test  and 
Technology  Laboratory  (LTT)  provided  the 
test  facilities. 

The  simulated  strikes  at  nominally  50KA, 
12 OKA  and  200KA  impulse  current  levels 
to  each  cable,  produced  the  same  general 
damage  features  as  reported  by  others, 
however  in  many  instances,  gross 
impairment  of  sheath  integrity  was 
evident  without  giving  rise  to  loss  of 
optical  transmission. 

Details  of  the  cables  tested  are  given 
in  table  1.  In  these  tests  the  metallic 
sheaths  and  copper  conductors,  where 
appropriate,  were  shorted  together  at 
each  end  of  the  cable  and  connected  to 
the  earth  return  of  the  pulse  generator. 


The  test  parameters  used  are  given  in 
table  2  and  the  resulting  damage  to  the 
cables  is  described  briefly  in  table  3. 


TEST  REGIME  AND  FACILITY 

The  tests  were  performed  generally  to 
the  Specification  proposed  by  the  CCITT 
for  Recommendation  K25. 

A  non-conducting  rigid  box  of 
approximately  0.6  meters  cube  was  used 
to  contain  the  wet  sand  with  the  cables 
under  teBt  buried  centrally  in  the  box. 
The  ends  of  the  cable  protruded  through 
the  sides  of  the  container  where  they 
were  connected  to  the  capacitor  bank 
return  conductors  as  shown  in  figure  1. 
This  assembly  produces  a  symmetrical 
arrangement  of  return  conductors  around 
the  electrode,  simulating  more  closely 
the  magnetic  forces  produced  by  free 
space  conditions.  The  electrode  shown 
in  figure  2  was  spaced  from  25  -  50mm 
from  the  cable  under  test  and  a  small 
hole  was  made  in  the  outer  insulation  of 
the  cables  to  ensure  breakdown  occurred 
at  the  centre  of  the  cable  opposite  the 
arc  electrode. 

In  the  case  of  the  cables  having  no 
metallic  components  the  arc  was  made  to 
a  25mm  diameter  aluminium  rod  placed 
behind  the  cable  as  shown  in  figure  3. 

A  circuit  of  the  test  facility  is  shown 
in  figure  4.  This  wbb  designed  to 
generate  lightning  test  waveforms  for 
the  aircraft  industry  as  described  in 
reference  1.  It  is  capable  of  providing 
ringing  or  uni-directional  clamped 
waveforms  up  to  200-300KA  peak  current. 
The  capacitor  banks  and  switches  can  be 
seen  in  the  background  of  figure  1. 

For  these  tests  ringing  waveforms  were 
used  for  the  low  level  shots  and  a 
mixture  of  ringing  and  clamped  waveform 
for  the  high  level  shots. 

The  circuit  parameters  were  adjusted  to 
the  requirements  of  the  waveform 
described  in  the  proposed  CCITT 
recommendation . 
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DIAGNOSTICS 

The  current  pulse  was  measured  using  a 
calibrated  Rogowski  coil  whose  output 
was  electronically  integrated  to  give 
the  pulse  current  waveform.  The  signals 
were  recorded  using  a  digitizing 
recorder  capable  of  sampling  at  ten 
million  sample  per  second.  This  allows 
very  rapid  measurement  of  the  waveforms 
produced  and  also  the  calculation  of 
frequencies  of  the  ringing  waveforms. 
It  will  be  noted  the  action  integral 
(  ./Vdt)  is  also  obtained  and  this  is 
discussed  later  in  the  paper.  Typical 
test  waveforms  are  Bhown  in  figures  5. 

COMMENTS  ON  TEST  METHODS  USBD 
Test  Waveforms 

The  type  of  test  waveform 
internationally  agreed  for  damage 
testing  to  aircraft  is  shown  in  figure  6 
(reference  1)  and  the  important  test 
parameters  used  are  peak  current,  action 
integral  and  charge  transfer.  For  metal 
burn-through  it  has  been  shown  that 
the  low  level  long  duration  component 
"C"  of  this  waveform  causes  the  most 
damage  (reference  2).  This  component  is 
not  considered  in  the  CCITT  proposals 
which  only  specifies  time  to  peak  and 
half  value  and  the  frequency  of  the 
damped  oscillating  waveform. 

Action  Integral 

Aircraft  testing  has  shown  that  the 
actual  waveform  shape  to  induce 
mechanical  deformation  is  not  too 
critical,  the  important  factor  being  the 
action  integral  representing  the  energy 
transfer  into  a  fixed  resistance.  This 
would  probably  be  a  more  useful 
parameter  to  specify  for  cable  tests. 
We  have  therefore  included  these  values 
in  the  table  of  results. 

Relating  this  information  to  the 
proposed  CCITT  recommendation  a  number 
of  observations  can  be  made.  The 
original  basis  for  the  specification 
recommendation  is  not  given  but  it  is 
assumed  it  was  derived  as  a  fairly 
simple  and  convenient  test  which  could 
reproduce  the  sort  of  conditions  a 
lightning  strike  to  a  buried  cable  would 
encounter  and  which  could  be  readily 
reproduced.  As  in  all  lightning 
simulation  testing  it  is  not  economical 
or  practical  to  produce  the  very  large 
(MV)  pulses  with  the  associated  high 
levels  of  energy  contained  in  real 
lightning  strikes. 


There  are  unfortunately  a  considerable 
number  of  factors  other  than  the  action 
integral  which  could  affect  the  degree 
of  damage  to  the  cables,  a  number  of 
which  have  been  considered  by  Fischer, 
Bow,  Busch  and  Schrom  in  reference  3. 

These  includet 

1.  Size  of  the  test  box. 

2.  Effect  of  Water. 

3.  Type  of  Sand. 

4.  Use  of  Soil. 

5.  Shot  to  shot  variations 
with  nominally  the  same 
test  parameters. 

6 .  Earthing  arrangements . 

We  have  not  investigated  any  of  these 
effects  further  but  find  the  conclusion 
which  Fischer  et  al  reached  very 
reasonable,  that  is,  the  effect  of  the 
medium  on  the  forces  produced  by  the  arc 
is  likely  to  be  considerable.  In  our 
experience  these  forces  are  primarily 
radial  (as  discussed  later)  and 
effectively  confining  them  is  likely  to 
produce  more  axial  force.  Earthing 
outside  the  box  is  obviously  desirable 
to  facilitate  the  reproduction  of 
consistent  current  waveforms.  We 
would,  however,  have  some  reservations 
as  described  later,  on  the  size  of  test 
box  used.  It  was  surprising  to  observe 
the  large  movement  of  the  medium  over 
some  considerable  distance  from  the  arc; 
this  was  especially  true  at  higher 
levels  of  current. 

It  iB  considered  that  the  presence  of 
water  is  not  essential  for  producing  the 
forces  and  damage  (these  occur  for  arcs 
in  air) ,  but  it  no  doubt  increases  the 
effect  of  the  breakdown  process  and 
produces  a  more  compact  medium  to 
generate  greater  forces. 


FORCES  PRODUCED  BY  LIGHTNING  TYPE  ARCS 

The  information  on  this  topic  is  rather 
limited  because  of  the  difficulties  of 
measurement.  It  is  often  thought  this 
is  primarily  due  to  the  rapid  heating  of 
the  medium.  More  recent  investigation 
by  P.  Graneau  (reference  4),  suggests 
this  is  not  the  case  and  considers  the 
shock-wave  could  be  driven  by 
ponderomotive  forces  of  the  Ampere- 
Neumann  electrodynamics. 

Work  carried  out  at  LTT  has  mainly  dealt 
with  forces  in  air  by  investigating  the 
breaking  forces  on  SRBP  tubes  enclosing 
arcs.  These  tests  established  the  main 
forces  to  be  radial  shock  waves  and  the 
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failure  of  the  tubes  was  not  greatly 
affected  whether  the  ends  were  open  or 
closed. 

Tests  have  therefore  been  made  in  sand 
to  investigate  how  the  forces  would  vary 
with  different  directions  of  arcs 
through  the  sand,  i.e.  vertically  and 
horizontally,  and  with  varying  lengths 
of  arc  between  the  electrode  and  the 
object  of  attachment,  in  ,  this  case 
the  buried  cable.  Arc  current  levels 
were  also  varied  to  establish  if  the 
forces  appeared  to  be  predominantly 
dependent  on  the  action  integral. 

In  order  to  establish  a  reference  with  a 
minimum  number  of  variables  it  was  more 
convenient  to  represent  the  cable  with  a 
metal  tube.  The  degree  of  indentation 
would  then  represent  the  degree  of  the 
force  applied  and  consistent  results 
achieved. 

After  preliminary  tests  to  a  number  of 
different  tubes  of  varying  thickness  and 
material  it  was  found  that  a  brass  tube 
19mm  outside  dia.  and  1.6mm  thick  to  be 
the  most  suitable.  The  specification 
for  this  tube  was  70/30  Arsenical  Brass, 
as  drawn  with  a  specification  BS2817 
Pt2/CZ  126-M.  The  tube  was  insulated 
with  a  3mm  thick  rubber  jacket. 

Preliminary  tests  also  showed  how  the 
effect  of  insulation  and  size  of  hole 
resulting  from  the  arc  attachment  could 
affect  the  results. 


BREAKDOWN  OP  SAND 

The  sand  could  be  broken  down  without 
too  much  difficulty  over  considerable 
arc  lengths. 

The  test  facility  as  shown  in  figure  4 
can  readily  supply  pulses  of  voltage  up 
to  120KV,  and  depending  on  the  impedance 
of  the  test  specimen,  100-200KA  peak 
currents.  For  this  test  a  25KA  peak 
current  pulse  was  obtained  with  a  charge 
voltage  of  65KV  and  length  of  arc 
through  the  sand  of  260mm  which  was 
nearing  the  limit  of  the  present  size  of 
test  box.  The  channel  is  obviously 
fairly  resistive  compared  with  the 
normal  arc  tests  performed  in  air. 


TEST  PARAMETERS 

The  present  series  of  tests  to  the  brass 
tube,  operated  between  20  and  100  KA 
which  involved  charging  voltages  between 
20  and  120KV.  Discharge  lengths  between 


the  electrode  and  tube  were  varied  from 
50  -  200mm  and  discharges  were  made  both 
vertically  through  the  sand  and 
horizontally  in  the  sand. 

A  summary  of  the  results  obtained  from 
these  tests  are  given  in  tables  4  and  5 
and  the  results  are  plotted  in  figures  7 
and  8. 


DISCPSSION  OF  TESTS 

At  this  stage  the  results  have  to  be  of 
a  qualitative  nature  but  it  may  be 
possible  to  interpret  the  tube 
indentation  in  a  more  quantitative 
manner  at  a  later  date.  Difficulties  do 
however  exist  because  of  the  very  fast 
impulsive  nature  of  the  forces.  In 
these  cases  the  damage  effects  can  be 
dependent  on  the  intensity  and  time 
profile  of  the  forces  and  the  nature  of 
the  object  upon  which  they  operate. 

The  mechanics  of  replacing  the  sand  and 
re-aligning  the  tube  after  each  shot 
limits  the  number  of  results  that  can 
readily  be  obtained.  For  the  tests 
carried  out  we  have  used  the  extent  of 
tube  indentation  (  figure  9)  as  a 
measure  of  the  forces  upon  it  and  have 
assumed  the  force  from  the  arc  will  be 
dependent  on  the  action  integral  of  the 
current  waveform.  For  this  type  of  test 
there  could  be  quite  a  spread  of  results 
for  one  operating  condition  and  to 
investigate  this  would  require  an 
extensive  series  of  shots. 

The  series  of  three  shots  at  different 
action  integrals  for  the  100mm 
horizontal  arc  length,  (figure  7), 
support  the  implication  that  the  forces 
are  linearly  dependent  on  the  action 
integral . 

The  results  of  the  vertical  arc  through 
the  sand  shown  in  figure  8  shows  a 
reduction  in  tube  indentation  by  a 
factor  of  2.7  going  from  a  50mm  to 
100mm  arc  length.  Increasing  the  length 
from  100  to  200rom  only  produced  a  change 
of  about  5%.  Comparing  the  indentation 
with  a  100mm  horizontal  arc  length  to 
vertical  arc  (figure  8),  shows  that  on 
average  the  forces  are  80%  greater  for 
the  totally  enclosed  horizontal  arc. 

The  horizontal  arc  tests  do  not  give 
such  a  clear  pattern  as  those  for  the 
vertical  arc.  The  set  of  three  results 
obtained  at  the  100mm  arc  length  gives  a 
reasonably  linear  fit  between  the  action 
integral  of  the  pulse  and  the  tube 
indentation.  The  results  indicate  arcs 
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longer  than  100mm  do  not  greatly  affect 
the  results . 


MATURE  AMD  EFFECTS  OF  ARCS  THROUGH 
THE  SAMP 

A  number  of  photographs  of  the  sand  were 
taken  during  the  pulse  and  after,  to 
investigate  the  effect  of  the  arc  in  the 
sand.  Figure  10  shows  a  vertical  arc 
in  the  sand  with  the  electrode  near  the 
surface  during  a  pulse.  A  substantial 
hole  and  disturbance  of  the  sand  is 
shown  and  this  can  be  200  -  300mm  in 
diameter  at  the  surface  and  would  appear 
to  be  conical  down  to  the  tube.  Where 
the  electrode  was  placed  close  to  the 
tube,  i.e.  50mm,  a  large  cavity  was 
produced  in  the  sand  but  did  not  break 
through  the  surface. 

The  result  of  the  horizontal  arc  through 
the  sand  is  shown  in  figure  11.  These 
pictures  were  obtained  by  inserting  a 
thin  metal  plate  into  the  sand  along  the 
expected  arc  path  after  the  shot  and 
scraping  the  sand  away  from  one  side. 
The  metal  plate  was  now  removed  and  the 
exposed  half  cavity  is  shown. 
Unfortunately,  it  is  not  clear  from  the 
photographs  how  much  sand  has  fallen 
back  into  the  bottom  of  the  cavity  after 
the  shot. 

In  the  case  of  the  vertical  arc 
considerable  amounts  of  sand  are  ejected 
from  the  surface  and  a  very  substantial 
lid  has  to  be  held  on  to  the  top  of  the 
container. 

In  the  case  of  the  horizontal  arc  a 
large  plate  was  placed  over  the  top  of 
the  sand  and  held  down  with  a  weight. 
At  the  higher  arc  current  of  70KA  this 
weight  could  be  lifted  several 
centimetres  into  the  air. 

Initial  tests  with  a  long  210mm 
horizontal  arc  which  brought  the 
electrode  close  to  the  edge  of  the 
container,  and  a  peak  current  of  85KA, 
completely  shattered  the  wall.  This 
gives  some  indication  of  the  magnitude 
of  the  forces  involved. 


CONCLUSIOMS 

1.  The  indentation  produced  in  the 
brass  tube  appears  to  be  directly 
related  to  the  action  integral . 


2.  The  force  produced  by  a  vertical 
arc  100mm  long  is  lower  than  that 
from  a  horizontal  buried  arc  by 
some  80%. 

3.  For  the  vertical  arc,  forces 
decreased  by  a  factor  of  about  2.5 
when  going  from  a  50mm  arc  to  one 
near  the  surface  with  an  arc 
length  of  150mm  to  200mm.  This 
distance  effect  needs  to  be 
investigated  with  much  deeper 
sand. 

4.  The  distance  effects  with  the 
buried  arcs  look  less  pronounced 
generally. 

5.  The  sand,  though  well  packed  down 
showed  considerable  movement  over 
a  large  volume.  It  is  not  clear 
if  this  is  due  to  current  flow 
over  this  volume,  or  that  the 
shock  waves  produced  by  a  narrow 
current  channel  are  causing  this 
effect.  Large  cavities  were 
produced  in  the  sand. 


REVIEW  OF  IMFORMATIOM  OF  ARC  IM  SOILS 

The  amount  of  information  available  of 
lightning  currents  being  carried  by  soil 
especially  at  the  level  of  50  to  100KA 
Beems  to  be  limited.  Reports  describing 
the  effects  produced  are  scarce  and  this 
type  of  information  could  be  very  useful 
in  assessing  whether  the  right  type  of 
simulations  are  being  made  for  these 
tests . 

Strikes  to  buried  cables  should  only 
exist  with  soil  or  other  media  of  fairly 
high  resistivity  as  the  current  will 
dissipate  across  the  surface  and  very 
little  damage  will  be  caused  except  at 
the  point  of  arc  attachment. 

Kalyagin  (reference  5),  describes 
lightning  track  furrows  covering 
distances  of  several  tens  of  meters  and 
in  perma  frost  zones  a  furrow  of  75m 
long  was  discovered.  Transverse 
dimensions  of  the  furrows  are  from  300 
to  1500mm  with  depths  of  the  order  of 
700mm. 

"Closer  to  the  cable  the  furrow  is 
smaller  and  terminates  by  an  explosion 
funnel  above  the  cable  or  ground  wire, 
sometimes  such  a  track  comes  from  the 
surface  down  to  the  cable  in  the  form  of 
bur ned-th rough  channel  with  a  diameter 
of  30-4 0mm  which  terminate  beside  the 
cable . " 
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This  relates  reasonably  well  to  the 
experimental  data  obtained  in  our  tests 
although  the  distance  of  the  furrows  up 
to  75m  long  seems  remarkably  large  and 
suggests  very  high  voltages  can  be 
involved . 


SUMMARY  AND  CONCLUSIONS 

All  the  cables  which  were  tested  in  sand 
exhibited  to  a  greater  or  lesser  degree 
the  characteristic  bending  in  the 
vicinity  of  the  arc  attachment  point  - 
even  at  the  lower  levels  of  impulse 
current.  The  cables  tested  in  air  did 
not  exhibit  this  bending,  and  it  is 
concluded  that  the  extent  of  any 
deformation  would  largely  be  a  function 
of  the  physical  properties  of  the 
surrounding  medium.  Examination  of  the 
cables  revealed  that  only  with  gross 
impairment  of  the  sheath  integrity  was 
there  loss  of  optical  transmission. 

From  the  tests  and  work  carried  out  by 
the  Cable  Products  Division  of  STC  it  is 
concluded  that  buried,  all  dielectric 
cables  could  be  recommended  for  use  in 
high  Keraunic  areas  where  peak  lightning 
currents  in  the  region  of  12 OKA  are 
experienced.  Double  armoured  cables 
could  also  be  recommended  where  rodent 
damage  could  also  be  experienced. 

We  consider  that  the  physical  parameters 
of  the  test  at  the  high  levels  of 
current,  viz.  200KA,  do  not  reproduce 
the  conditions  which  would  be 
experienced  by  cables  buried,  say,  to  a 
depth  of  one  metre.  Lightning  currents 
of  this  magnitude  represent  less  than 
0.1%  of  all  strikes  and  special 
measures,  such  as  encasing  cables  in 
steel  tubing,  may  be  the  only 
satisfactory  solution  in  these  extreme 
cases . 

It  is  considered  that  the  pulse  energy 
content  of  the  test  waveform  could  be 
usefully  described  if  an  action  integral 
was  specified. 

The  attempts  to  simulate  more  closely  an 
actual  lightning  event  by  the  use  of  a 
vertical  arc  which  vents  to  atmosphere, 
showed  that  less  damage  could  be 
experienced  by  the  cable.  This  aspect 
needs  to  be  investigated  further  with 
the  test  cables  buried  deeper  in  the 
medium.  It  was  shown  that  lengths  of 
arc  greater  than  about  100mm  did  not 
greatly  affect  the  extent  of  damage 
caused.  It  is  our  recommendation 
therefore,  that  any  re-issue  of  the  test 


specification  requires  that  an  arc 
length  of  not  less  than  100mm  be  used  so 
as  to  give  less  variable  results. 

Very  little  information  is  available 
from  the  literature  as  to  the  nature  of 
an  arc  in  soil  and  useful  future  work 
could  be  to  attempt  high  speed 
photography  and  to  quantify  such  events. 
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CAJLE  HO. 

CONSTRUCTIONAL  DETAILS 

■ 

POLY  COATED  STEEL  STRENGTH  MEMBER. 

5  FILLERS,  2  x  0.9«a  POLY  INS.  QUADS,  1x8  FIBRE  LOOSE  TUBE 
WATER  BLOCKED  CORE  PAPER  TAPED 

APL  &  POLY  INNER  SHEATH 

CORRUCATED  STEEL  AND  POLY  OVERALL  TO  22.4m 

2 

AS  CABLE  1  BUT  ADDITIONALLY  WIRE  ARMOURED  AND  HICH  DENSITY 
POLY  SHEATHED  TO  31.4m 

POLY  COATED  CRP  STRENGTH  MEMBER 

5  FILLERS.  3  x  8  FIBRE  LOOSE  TUBES 

WATER  BLOCKED  CORE  PAPER  TAPED 

POLY  INNER  SHEATH 

CORRUCATED  STEEL  AND  POLY  OVERALL  TO  24.2m 

POLY  COATED  ORP  STRENCTH  MEMBER 

7  FILLERS,  1  x  1  FIBRE  LOOSE  TUBE 

WATER  BLOCKED.  PAPER  TAPED  AND  POLY  SHEATHED  TO  13.6m 

CRP  CENTRE.  KEVLAR  REINFORCED  &  K.D  POLY  COATED 

POLY  BEDD1NC  FOR  4  SECONDARY  COATED  FIBRES  AND  8  NYLON 

FILLERS 

POLYPROPYLENE  TAPE  WHIPPINC 

MPP  SHEATH  WITH  NYLON  12  OVERSHEATH  TO  8.1m 

POLY  COATED  STEEL  STRENCTH  MEMBER 

3  FILLERS,  2x8  FIBRE  LOOSE  TUBES.  1  x  0.63m  COPPER  QUAD 
WATER  BLOCKED,  PAPER  TAPED 

APL  AND  POLY  SHEATHED  TO  16m 

POLY  COATED  STEEL  STRENCTH  MEMBER 

6x2  FIBRE  LOOSE  TUBES 

WATER  BLOCKED.  PAPER  TAPED 

APL  AND  POLY  INNER  SHEATH 

CORRUCATED  STEEL  AND  POLY  OVERALL  TO  16. 8k> 

1 

AS  CABLE  7  BUT  STEEL  WIRE  ARMOUR  REPLACES  THE  CORRUCATED 

STEEL 

■ 

FIC  8  AERIAL  CABLE 

CRP  CENTRE 

2  FILLERS,  2x8  FIBRE  LOOSE  TUBES 

WATER  BLOCKED.  MYLAR  TAPED,  POLY  INNER  SHEATH 

CORRUCATED  STEEL  AND  POLY  OVERALL 

STEEL  WIRE  CATENARY 

10 

FIBRES  PAN  -  ALL  DIELECTRIC  tONC  SPAN  AERIAL  CABLE 

11 

SUBMARINE  CABLE 
(  6m  rt)  POLY  SHEATH 

Table  1. 

Constuctional  Details 
of  the  cables  tested. 


Figure  2. 
Horizontal 


Arc  Length 


Figure  1. 

The  Test  Facility 
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10  (In  ftir) 
10  (in  eend) 


Arc  Length 

Peak  Current 

Rim  Time 

Time  to  i 

Frequency 

(mm) 

(KA) 

{«) 

PeU  (*S) 

(KH.) 

*1Q°A*3 

32 

59 

96 

54 

236 

007 

30 

127 

96 

60 

- 

0  42 

30 

200 

96 

63 

• 

2.06 

31 

no 

96 

66 

24.7 

0  37 

SO 

iee 

92 

47 

• 

160 

34 

52 

96 

54 

24 

0  051 

34 

lit 

90 

66 

24  6 

0  37 

33 

203 

9.4 

52 

- 

1.3 

ti 

42 

13 

40 

42 

0  03 

52 

117 

11 

55 

24 

0  30 

18 

201 

10  3 

40 

• 

0  96 

55 

54 

11.6 

53 

24 

0  055 

55 

nc 

9.4 

56 

- 

A  26 

56 

197 

10  6 

36 

* 

065 

33 

56 

11.2 

56 

27 

0  069 

35 

122 

96 

60 

24 

0  33 

33 

204 

no 

30 

- 

064 

36 

52 

11.2 

54 

24 

0  062 

36 

126 

96 

66 

27 

0  39 

36 

205 

10  4 

40 

• 

0  79 

35 

47 

10  2 

50 

25 

0  04 

35 

ue 

90 

56 

• 

0  66 

33 

191 

96 

66 

- 

1  5 

40 

64 

96 

60 

24 

0  093 

40 

139 

96 

66 

• 

07 

40 

205 

10  4 

64 

• 

1  4 

52 

224 

66 

112 

2  67 

36 

206 

96 

60 

147 

40 

56 

11.2 

67 

24 

006 

41 

110 

11.4 

66 

24 

0  34 

31 

206 

10.4 

46 

1  16 

FAST  BANK  j 

1  SLOW  BANK 

Arc  Length 

Peek  Current 

Rite  Time 

Time  to  | 

Jfo, 

Peek  Current 

<jc 

(mm) 

(KA) 

0*3) 

Peek  (*3) 

(KA) 

55 

. 

, 

1.76 

130 

56 

112 

1C 

56 

0  25 

1.7 

126 

56 

201 

9.4 

32 

0  74 

23 

186 

Table  2. 

The  Test  Parameters 


figure  3. 

Arc  to  an  all 
Dielectric  Cable 
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Figure  5. 
Typical  Test 
Waveforms 


Peak  current 
(Nominal) 

Observations 

Single  Armour 
(Cables  1,3,7  «  8) 

50  and  120KA 

Slight  banding  of  the 
cables  at  attachment 
point.  More  aggravated 
bending  at  120KA.  Fibres 
and  coppers  where 
included  were  continuous. 

200KA 

Outer  sheath  and  steel 
armouring  burnt  away  with 
severe  cable  banding. 

All  fibres  in  Cable  1  and 

6  fibres  (3  tubas)  in 

Cable  7  discontinuous. 

Coppers  in  Cable  1 
remained  continuous. 

Tests  on  Cable  3 
involving  the  Component 
'C'  caused  severe  cable 
damage  with  loss  of 
fibres. 

Double  Armour 
(Cables  2  &  11) 

50,120  t  200KA 

Very  slight  external 
damage  at  50  and  120XA. 

Fibres  in  both  cablec 
intact  and  coppers  in 

Cable  2  intact.  At 

20 OKA  the  outer  sheath 
split  on  Cable  2  to 
expose  the  wire  armour. 

One  copper  wire  was 
discontinuous.  All  fibres 
in  both  cables  were 
intact . 

Table  3. 
Damage  to 
Cables 

Non-Metallic 
(Cables  4  t  5) 

50  1  120XA 

Vary  slight  external 
damage  to  both  cables. 

All  fibres  intact. 

20  OKA 

Extensive  sheath  damage 
by  burning  on  Cable  4, 
core  was  exposed  over 

30mm  but  all  fibres 
remained  intact.  Cable  5 
had  its  sheath  and  core 
completely  burnt  away 
leaving  the  exposed  GRP 
centre .  All  fibres 
discontinuous . 

Non-Armoured 
(Cable  6) 

50,120  a  200KA 

Progressively  more 
aggravated  cable  bending 
with  increased  impulse 
current.  Fibres  and 
coppers  remained  intact. 

Aerial 

(Cables  9  t  10) 

50,120  a  200KA 
(in  air) 

Very  little  damage. 

All  fibres  (and  coppers 
in  cable  10)  remained 
intact. 

R«uln  of  Horizontal  Arc  Teau  to  BrmTubt 


Spftclnf  of 

E  Ik  trod*  to  Rod 
(mm) 

P«*k  Curron* 

(KA) 

Action  InUfTft] 
(I'dt  (A*,  « 10*) 

Depth  of 
lnd«ntttlon 
(mm) 

10 

M 

1,7 

09 

100 

19 

0.7 

09 

100 

44 

M 

1.41 

100 

1* 

It 

99 

1(0 

40 

M 

01 

110 

74 

It 

10.1 

M0 

40 

4 

*J 

*00 

71 

Of 

1.4 

Rtuilii  af  YmiaLLAttJem  laJBaa  lube 


SptclBf  Of 

ElKtrod*  to  Rod 
(mm) 

ftk  Currant 

(KA) 

Action  I&UfraJ 
/l*dt  (A*»  x  104) 

Depth  of 
Ind«nifttlon 
(mm) 

(0 

41 

4 

09 

10 

99 

7.4 

7J 

100 

*4 

1.1 

01 

100 

49 

7.0 

1 M 

100 

7t 

It 

71 

110 

(4 

• 

a* 

1(0 

70,1 

10 

1,4 

*00 

99 

0J 

t.4 

Table  4 . 


Table  5. 
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current  <n3t  to  scal«| 


The  fait  put**  can  be 
applet  with  the  slow 


at  o«>  ime  tfofmg  the 
Slow  pulse 


COMPON'HtS  A.  0  ic  <*•  defined  In  CtM.RtfJ  Fig  AH 


Figure  6. 

Waveform  for  Testing 
to  Aircraft 
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Action  Integral  xIO  A  s 


Tube  Deformation  •  Action  Integral 


Figure  7 . 

Tube  Deformation  - 
Horizontal  Arc. 


Tube  Deformation  •  Action  Integral 
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AN  IMPROVED  CHARACTERISTIC  IMPEDANCE 
MEASUREMENT  TECHNIQUE 


H.  W.  Friesen 


AT&T  Bell  Laboratories 
Norcross,  Georgia  30071 


Abstract 

A  number  of  characteristic  impedance  measurement  techniques 
are  being  considered  today  by  standards  organizations  for  use 
in  the  LAN  frequency  range.  The  merits  of  the  various 
methods  depend  on  such  things  as  the  cable  under  measurement 
having  a  dielectric  constant  that  does  not  vary  with  frequency, 
the  cable  pairs  being  electrically  smooth  and  the  adequacy  of 
the  data  gathering  and  processing  procedure.  The  first  of 
several  methods  considered  in  this  paper  is  based  on  delay  and 
low  frequency  capacitance.  This  method  finds  favor  in 
applications  where  capacitance  is  constant  with  frequency.  A 
second  method  uses  open  and  short  circuit  measurements  on 
electrically  short  lengths.  Its  shortcoming  is  that  a  number  of 
short  lengths  must  be  measured  when  structural  variations  are 
considerable.  The  third  method  is  based  on  open  and  short 
circuit  measurements  made  on  electrically  long  cable  lengths. 
Here  n.ore  extensive  data  processing  techniques  are  required  to 
remove  the  effects  of  structural  variations  from  the 
measurements.  This  third  method  is  favored  over  the  second 
because  it  allows  reliable  results  to  be  obtained  from  a  single 
electrically  long  sample  length. 


I.  Introduction 

Standards  body  working  groups  such  as  the  EIA  TR-4 1.8.1 
committee  are  developing  requirements  for  cable  pair 
parameters  such  as  the  attenuation  constant,  characteristic 
impedance  and  near  end  crosstalk  in  the  local  area  network 
(LAN)  frequency  range  which  today  extends  from  1  to  16 
MHz.  While  the  attenuation  and  crosstalk  are  readily  measured 
over  a  range  of  frequencies  by  means  of  a  network  analyzer, 
obtaining  the  characteristic  impedance,  Zq,  is  more  challenging 
when  cable  pairs  are  not  electrically  smooth,  i.e.  free  of 
reflections.  A  number  of  characteristic  impedance 
measurement  techniques  are  available  for  obtaining  this 
parameter  for  metallic  media.  Several  of  these  are  based  on 
open  circuit  and  short  circuit  measurements. 

Problems  are  encountered  with  the  various  methods. 
Measurements  of  a  single  electrically  short  length  may  not  be 
representative  of  the  longer  lengths  used  in  an  application  of 
the  cable  design.  On  the  other  hand,  measurements  made  on 
electrically  long  lengths  of  twisted  pair  cables  typically  exhibit 
some  degree  of  electrical  roughness  in  the  LAN  frequency 


range  due  to  structural  variations.  The  structural  variation  of 
the  cable  pair  is  of  interest,  but  a  technique  for  separating  this 
information  from  the  characteristic  impedance  of  the  pair  is 
required.  Drawing  a  distinction  between  these  two  quantities 
when  the  measurements  consist  of  open  and  short  circuit  values 
can  require  a  considerable  amount  of  effort. 

The  purpose  of  this  document  is  first  of  all  to  consider  the 
merits  of  several  methods  of  arriving  at  the  characteristic 
impedance.  Second,  it  is  to  advance  an  improved  data 
processing  method  for  evaluating  data  obtained  by  fairly 
traditional  measurement  techniques.  This  is  accomplished  by 
making  use  of  present  day  network  analyzer  and  personal 
computer  data  measurement  and  processing  capability. 


II.  Delay  and  Low  Frequency  Capacitance  Method 

2.1  Equations  for  Delay  and  Capacitance  Method 

The  delay  and  low  frequency  capacitance  method  for  obtaining 
the  characteristic  impedance  (Z„)  has  been  in  use  for  some 
time.1  This  method  is  very  reliable  for  those  media  where  the 
effective  dielectric  constant  of  the  entire  dielectric  region  and 
hence  the  pair  capacitance  is  invariant  with  frequency.  This 
method  includes  a  broad  category  of  cables  such  as  all  the 
polyethylene  and  polypropylene  insulated  outside  plant  cables 
and  numerous  indoor  designs  which  use  materials  whose 
dielectric  constant  does  not  vary  with  frequency.  It  is  based  on 
a  very  reliable  through-the-cable  measurement  (two  port)  of  the 
insertion  loss  and  phase.  It  involves  only  the  one  sample  of 
cable  required  for  the  insertion  ’  jss  and  phase  measurement. 

P  =  (Oy/ZC 


The  method  can  be  stated  in  terms  of  the  approximate 
expressions  in  the  high  frequency  range  where  the  reactive 
primary  cable  parameters  are  controlling.  We  have  Equation 
1  for  the  phase  constant  /?  and  Equation  2  for  the  magnitude  of 
the  characteristic  impedance,  Zq,  where  o  =  2nf  is  the  radian 
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frequency  and  L  and  C  are  the  primary  parameters  of 
inductance  and  capacitance  respectively.  Dividing  Equation  1 
by  the  radian  frequency  yields  the  equation  for  phase  delay  r 
given  by  Equation  3.  The  characteristic  impedance  equation 
can  be  restated  in  terms  of  the  phase  delay  divided  by 
capacitance  as  shown  by  Equation  4. 

t  »  JLC  <3> 


Equations  2  and  4  represent  the  magnitude  of  the  characteristic 
impedance  without  addressing  the  angle  of  this  parameter.  The 
above  equations  must  be  replaced  with  their  complex 
counterparts  at  lower  frequencies  where  the  a.c.  resistance  of 
the  pair  is  significant  compared  to  the  inductive  reactance  or 
when  dielectric  loss  is  considerable. 


2.2  Delay  and  Capacitance  Results 


Fig.  1  Delay  versus  Frequency  for  a  Typical  Cable  Pair 


Figure  1  shows  delay  as  a  function  of  frequency  for  a  broad 
range  of  frequencies  extending  from  the  voice  region  to  beyond 
the  twisted  pair  LAN  range  which  today  extends  to  the  16  MHz 
region.  The  abscissa  and  ordinate  scales  are  logarithmic  to 
more  clearly  show  the  asymptotic  behavior.  The  delay 
decreases  with  the  inverse  square  root  of  frequency  rate  in  the 
low  frequency  region  (below  20  kHz)  where  pair  resistance  and 
capacitance  are  controlling.  In  the  high  frequency  region  it 
asymptotically  approaches  a  constant  as  the  internal  inductance 
decreases  in  accordance  with  the  decreasing  skin  depth  leaving 
only  the  constant  space  inductance.  Figure  2  shows  the 
magnitude  of  the  characteristic  impedance  as  a  function  of 
frequency  for  the  same  frequency  range.  In  the  high  frequency 
region  this  response  has  the  same  asymptotic  behavior  as  the 
delay  curve. 


This  cable  pair  has  a  capacitance  of  13.9  nano-Farads/kft  which 
is  constant  over  the  whole  frequency  range  being  considered 
here.  Applying  Equation  4  to  the  delay  values  shown  in  Figure 
1  does  indeed  result  in  the  characteristic  impedance  values 
plotted  in  Figure  2  for  the  frequencies  above  100  kHz  where 
pair  resistance  is  small  compared  to  inductive  reactance,  the 
impedance  trace  obtained  by  this  method  is  extremely  smooth 
since  it  comes  from  the  two  port  delay  measurement  (a 
relatively  smooth  function  of  frequency)  and  the  low  frequency 
capacitance. 


Fig.  2  Zq  Magnitude  versus  Frequency  for  Pair  Shown  in 
Figure  1 


For  cables  where  the  capacitance  changes  with  frequency  this 
method  yields  a  somewhat  erroneous  result.  Since  it  is  based 
in  part  on  the  easy  to  measure  low  (voice)  frequency 
capacitance,  any  change  in  capacitance  with  frequency,  if  not 
accounted  for,  will  cause  a  corresponding  error  in  the  Z„  value. 
In  PVC  insulated  pairs  the  capacitance  can  decrease  by 
approximately  10%  as  frequency  changes  from  1  kHz  to  10 
MHz.  Assuming  a  constant  capacitance  in  this  case  results  in 
a  Zq  value  10%  too  small. 

One  might  consider  measuring  capacitance  at  higher 
frequencies.  There  are  a  number  of  difficulties  with  this. 
Measuring  at  or  near  resonance  points  is  not  desirable  in  that 
it  yields  inaccurate  results.  Transmission  effects  which  at  1 
kHz  are  minimal,  are  significant  at  high  frequencies  and  not  as 
readily  accounted  for.  Many  capacitance  measurement  devices 
are  limited  as  to  high  frequency  capability.  Measuring  the 
capacitance  of  twisted  pairs  involves  either  measuring  the 
individual  three  direct-to-mate  and  direct-to-ground  components 
constituting  a  pair  or  measuring  the  pair  directly  in  a  balanced 
drive  mode.  All  of  this  is  more  difficult  at  LAN  frequencies. 
The  difficulties  with  obtaining  pair  capacitance  at  high 
frequencies  encourage  one  to  consider  single  ended  (one  port) 
impedance  measurements. 
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m.  Open  and  Short  Circuit  Measurements  on  Short 
Lengths 

3.1  Equations  for  Open  and  Short  Circuit  Measurements 
Method 


This  arrangement  offers  excellent  capability  when  the 
impedance  being  measured  is  within  a  decade  or  two  of  the 
nominal  instrument  value.  Decreased  accuracy  results  when 
measurement  of  the  very  high  and  very  low  open  circuit  and 
short  circuit  impedances  respectively  are  attempted. 


A  long  used  method  of  characterizing  metallic  media  involves 
measuring  the  open  and  short  circuit  input  impedances  for  cable 
lengths  that  are  electrically  short  (under  a  quarter  wavelength). 
Equations  5  and  6  define  the  relationships  between  the 

ZK  =  Z0tanhyl  (5) 

Z"  =  20cothy/  «S) 

measured  values  and  the  desired  secondary  transmission 
parameters  consisting  of  the  propagation  constant  y  and  the 
characteristic  impedance  Zq. 


Z0  =  (7) 

From  Equations  5  and  6  we  see  the  characteristic  impedance 
can  be  calculated  from  the  open  and  short  circuit  measurements 
by  means  of  Equation  7.  While  Equations  1-4  dealt  only  in 
real  quantities,  in  these  equations  both  the  impedances  and  the 
propagation  constant  consist  of  complex  (vector)  quantities 
having  both  real  and  imaginary  components. 

Making  measurements  below  the  quarter  wavelength  frequency 
implies  that  lengths  up  to  500  feet  can  be  accommodated  for 
frequencies  up  to  300  kHz.  This  cable  pair  characterization 
technique  has  been  widely  used  in  the  telephone  cable  industry 
in  the  past  when  twisted  pair  cables  were  measured  up  through 
the  analog  carrier  frequency  range  which  went  as  high  as  150 
kHz. 

When  impedance  measurements  are  desired  at  LAN 
frequencies,  much  shorter  lengths  must  be  measured  if  the  less 
than  a  quarter  of  a  wavelength  guideline  is  to  be  followed. 
One  proposal  has  focused  on  measuring  open  and  short  values 
on  3  meter  lengths  (approximately  10  feet)  for  frequencies  up 
to  16  MHz.  This  approach  is  feasible  when  impedance  bridges 
are  used.  Present  day  network  analyzers  feature  S-Parameter 
capability  to  facilitate  impedance  measurements.  The 
characteristic  impedance  (actually  an  input  impedance)  is 
calculated  from  the  measured  s,,  parameter  by  means  of 


zo 


z  d  +  V 
*  a  -  *u> 


(8) 


Equation  8  where  Zc  is  the  impedance  at  which  the  system  is 
calibrated.  For  balanced  pairs  a  transformer  facilitates  making 
balanced  impedance  measurements.  Calibration  is  done  with 
a  known  resistor  connected  to  the  balanced  side  of  the 
transformer. 


3.2  The  Two-Termination  Impedance  Measurement 
Method 


A  variation  of  the  open  and  short  circuit  impedance  method  is 
a  so  called  two-termination  method.  In  this  case  the 
measurements  are  made  with  known  values  of  terminating 
impedance  (actually  good  quality  resistors).  First,  an  input 
impedance  measurement  is  made  with  the  short  sample 
terminated  in  a  perhaps  25  %  lower  than  nominal  impedance  (75 
Ohm  resistor  for  100  Ohm  pair).  A  second  measurement  is 
made  with  the  sample  terminated  with  a  25%  greater  than 
nominal  impedance.  Equation  9  is  an  expression  useful  for 
computing  the  characteristic  impedance.  It  states  Zq  in  terms  of 
the  two  terminating  resistors  (high  and  low)  and  two  measured 
impedances  Rh,  R„  7^  and  Z,  respectively.  It  can  be  seen  that 
this  equation  reduces  to  Equation  7  if  the  low  resistance  value 
is  assumed  to  be  zero  and  the  high  resistance  value  infinite. 


Z0  = 


-  z*)  -  W*,  -  z,) 


N  -  z*>  -  <*i  - 2) 


(9) 


This  measurement  technique  provides  a  way  of  dealing  with  the 
problems  associated  with  measuring  very  small  and  very  large 
impedance  values  encountered  in  short  lengths  when  a  network 
analyzer  with  S-parameter  capability  is  employed. 


3.3  Short  Length  Impedance  Measurement  Experiment 

Evaluating  the  performance  of  a  longer  piece  of  cable  by 
measuring  a  single  short  sample  raises  concern  about  what 
constitutes  adequate  sampling  when  structural  variation  is 
considerable.  It  is  generally  known  that  the  electrical 
smoothness  of  a  particular  type  of  media  is  dependent  upon  the 
type  of  structure  and  the  manufacturing  and  handling  processes 
employed  up  through  installation.  For  example,  experience 
indicates  that  coaxial  structures  are  smoother  than  twisted  pair 
structures.  Individually  foil  shielded  twisted  pairs  are  generally 
smoother  than  multipair  structures  because  their  geometry  is 
controlled  to  a  greater  extent.  Applying  a  twist  to  a  group  of 
pairs  when  forming  them  into  a  cable,  which  is  known  as 
stranding,  results  in  a  smoother  product  than  bunching  the  pairs 
without  stranding. 

An  experiment  was  carried  out  to  determine  how  much 
impedance  variation  one  encounters  when  short  length 
measurements  are  made  on  numerous  segments  of  a  small  pair 
count  non-stranded  cable,  which  is  thought  to  be  a  worst  case 
situation.  A  500  ft.  length  of  unshielded  four  pair  cable  was 
cut  up  into  50  ten  foot  pieces.  The  two-termination 
measurements  were  performed  on  all  four  pairs  of  each  ten  foot 
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Fig.  3  Zq  Measurements  on  Two  10  Ft.  Samples 

piece  using  a  network  analyzer  with  S-parameter  capability. 
Care  was  taken  during  the  course  of  the  measurements  to  keep 
the  cable  pair  fan-out  region  as  short  as  possible,  typically 
about  3  inches. 

The  smooth  curves  shown  in  Figure  3  are  the  results  obtained 
for  two  adjacent  ten  foot  segments.  Shown  here  are  the 
impedance  results  for  one  of  the  four  pairs  computed  from  the 
two-termination  data.  The  frequency  range  extends  from  62.5 
kHz  to  25  MHz.  Also  shown  here  are  the  connected  straight 
line  segment  upper  and  lower  proposed  impedance  limits  as 
specified  by  the  current  horizontal  media  requirements  draft  of 
the  TR-41.8.1  committee  (hereafter  TR-41.8.1).  Both  of  the 
impedance  plots  are  smooth.  But  they  indicate  that  the 
characteristic  impedance  for  the  two  adjacent  ten  foot  pieces 
differ  by  about  9  Ohms.  One  sample  indicates  very  acceptable 
values  only  slightly  above  the  middle  of  the  permitted  jange. 
The  other  sample  indicates  that  this  pair  fails  the  upper  limit 
for  TR-41.8.1  in  the  0.6  to  1  MHz  frequency  range. 

Results  for  all  50  of  the  ten  foot  samples  are  shown  in  Figure 


Fig.  4  Impedance  Variation  with  Length  Found  in  Cable 
Cutting  Experiment 


4.  Here  the  10  MHz  impedance  values  are  plotted  versus 
distance  from  one  end.  The  10  MHz  values  from  the  traces 
from  the  previous  figure  appear  at  the  190  and  200  foot 
positions.  It  can  be  seen  that  the  impedance  values  vary  from 
a  low  of  99  Ohms  to  a  high  of  111  Ohms.  Most  of  the 
segment  by  segment  variation  appears  to  be  random.  The  last 
150  feet  indicates  somewhat  more  periodic  variation.  The 
results  for  two  of  the  other  pairs  in  the  four  pair  cable  were 
similar.  The  remaining  pair  had  only  about  half  as  much 
variation. 

Figure  5  shows  a  histogram  consisting  of  the  fifty  10  MHz 
impedance  values  shown  in  Figure  4.  This  histogram  shows 
that  all  but  9  of  the  values  for  this  pair  fall  in  the  102  to  107 
Ohm  range  and  that  the  extremes  vary  from  99  to  1 1 1  Ohms  as 
indicated  earlier.  Constructing  the  histogram  with  1  MHz 
impedance  values  would  shift  it  to  the  right  by  about  5  Ohms. 
One  or  two  pairs  would  be  above  the  upper  115  Ohm 
impedance  limit  shown  in  Figure  3. 


Fig.  5  Histogram  of  10  Ft.  Length  Impedance  Values  at  10 
MHz 

The  main  conclusion  from  this  experiment  is  that  a  single  short 
sample  impedance  measurement  can  not  be  relied  upon  for 
determining  what  the  characteristic  impedance  of  a  product 
really  is.  Several  samples  must  be  measured  to  determine  a 
reliable  average  value  of  characteristic  impedance  for  building 
wiring  lengths  ranging  from  perhaps  50  to  350  feet  in  the 
horizontal  runs  to  work  stations  and  longer  runs  between 
closets  or  in  riser  shafts.  Structural  variation  such  as  that 
encountered  here  may  be  of  concern  but  it  needs  to  be 
quantified  separately  from  the  nominal  characteristic 
impedance. 


3.4  Difficulties  Encountered  with  Short  Length 
Measurements 

Experience  with  S-Parameter  measurements  on  short  lengths 
has  indicated  possible  measurement  sensitivity  problems  in 
addition  to  the  need  for  multiple  samples.  Figure  3  shows  that 
the  two  curves  do  net  have  a  constant  separation  over  the  entire 
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frequency  range.  They  approach  each  other  in  the  low 
frequency  region.  The  shape  of  the  lower  of  the  two  curves  is 
consistent  with  the  TR-41 .8. 1  limi  .  iile  the  other  one  is  not. 
The  upper  curve  is  exhibiting  cc  .  downward  drift  with 
respect  to  the  lower  curve  as  frequency  decreases.  In  some 
measurement  runs  severe  examples  of  this  type  of  anomaly 
have  been  encountered  to  the  point  where  the  response  crosses 
the  upper  or  lower  limit  line.  Recalibrating  the  network 
analyzer  and  repeating  the  run  has  typically  cleared  up  the 
problem.  This  problem  is  basically  a  measurement  accuracy 
issue.  Using  resistor  values  farther  apart  than  the  75  and  125 
Ohm  values  used  to  date  might  be  beneficial. 

The  high  end  downward  trend  versus  frequency  of  the  upper 
curve  in  Figure  3,  on  the  other  hand,  is  probably  not  a 
measurement  error.  About  4/10  of  a  wavelength  is  being 
measured  at  25  MHz.  Some  structural  effects  are  evident  in 
the  one  ten  foot  sample.  This  points  to  the  need  of  going  to 
even  shorter  samples  when  information  for  higher  than  16  MHz 
frequencies  is  desired.  End  effects  are  another  problem  area, 
The  considerably  higher  impedance  for  the  two  fanned  out 
portions  of  a  ten  foot  sample  will  have  a  considerable  effect  on 
the  results  obtained  when  convenient  1  foot  fanouts  are  used. 
Shorter  fanout  regions  can  make  pair  identification  difficult  in 
a  large  multipair  cable  and  are  generally  inconvenient. 


IV.  Z0  Measurements  on  El  ■ctrically  Long  Lengths 

4.1  Use  of  Input  Impedance  as  a  Z0  Estimate 

Under  certain  conditions  open  and  short  circuit  input  impedance 
measurements  made  on  electrically  long  cable  lengths  can 
readily  be  used  to  obtain  a  characteristic  impedance  value. 
Equation  7  implies  no  length  or  frequency  restriction. 
Actually,  what  is  obtained  is  an  input  impedance  to  the  two 
port  device.  The  characteristic  impedance  can  be  assumed 
equal  to  the  input  impedance  when  the  pair  is  electrically 
smooth. 


Obtained  from  Open  and  Short  Circuit  Data 


The  input  impedance  computed  from  open  and  short  impedance 
measurements  is  specified  as  the  method  for  obtaining 
characteristic  impedance  values  for  the  IBM  Types  I,  II  and  III 
and  later  LAN  cable  designs.2  This  method  has  also  been 
used  for  other  cable  designs.  Figure  6  shows  the  input 
impedance  obtained  for  two  considerably  different  LAN  cable 
pairs.  The  upper  trace  is  for  a  500  foot  length  of  Type  II  cable 
which  has  a  nominal  150  Ohm  characteristic  impedance.  The 
lower  trace  is  for  a  500  foot  length  of  100  Ohm  unshielded 
twisted  pair  (UTP)  designed  for  LAN  application  where 
unshielded  media  is  specified.  For  these  two  examples  the  Zq 
estimate  resulting  from  the  input  impedance  method  exhibits 
only  a  small  amount  of  roughness. 

There  is  no  problem  with  the  pair  characteristic  impedance 
being  obscured  by  the  structural  effects  in  Figure  6.  These  150 
Ohm  and  100  Ohm  pairs  readily  pass  the  nominal  47- 10%  and 
+/- 15  %  limits  respectively  expected  of  them.  The  Type  I  and 
II  foil  shielded  data  pairs  are  relatively  smooth  at  least  in  part 
because  of  the  geometrical  control  achieved  when  foil  is 
applied  directly  over  two  insulated  wires.  The  UTP  design 
considered  in  Figure  6  is  smooth  because  of  such  features  as 
the  use  of  short  twist  lengths  and  stranding  in  addition  to  good 
control  of  insulation  diameter.  This  degree  of  electrical 
smoothness,  while  not  absolutely  essential  for  good 
transmission,  results  in  very  small  reflection  losses  and 
contributes  to  low  jitter. 


Plotted  against  Upper  and  Lower  Limits 


Applying  the  input  impedance  measurement  technique  to  the 
cable  design  considered  in  Section  III,  a  non-stranded 
unshielded  design  similar  to  Type  III  cable,  results  in  much 
rougher  traces  such  as  those  shown  in  Figure  7.  These  results 
are  from  measurements  that  were  made  on  one  of  the  pairs  in 
the  500  ft.  sample  of  cable  prior  to  cutting  it  up  for  the 
investigation  discussed  in  the  previous  section.  The  single  port 
input  impedance  measurements  were  made  from  both  ends. 
Both  sets  of  results  are  plotted  here  along  with  the  proposed 
TR-41 .8. 1  limits.  The  difference  between  the  two  traces  is  due 
to  structural  effects  appearing  different  when  viewed  from 
opposite  ends  of  the  cable.  With  the  results  plotted  on  a  log- 


612  International  Wire  &  Cable  Symposium  Proceedings  1990 


log  basis  it  can  be  seen  that  this  pair  is  fairly  well  behaved  up 
to  several  MHz.  The  scan  from  one  direction  does  have  a 
minimum  value  at  about  6.3  MHz  which  falls  below  the  TR- 
41.8.1  lower  limit  indicating  that  the  pair  fails  if  the  input 
impedance  traces  are  interpreted  as  characteristic  impedance. 

It  can  be  seen  that  the  responses  shown  in  Figure  7  are  for  the 
most  pari  centered  around  the  desired  100  Ohms  for 
frequencies  above  2  MHz.  This  pair  although  not  as  smooth 
as  the  higher  quality  pairs  shown  in  Figure  6  is  basically  at  the 
right  average  impedance  level  and  capable  of  good  transmission 
performance.  Rejecting  this  pair,  based  on  input  impedance 
being  taken  for  a  Zq  estimate  does  not  seem  desirable.  Such  an 
approach  allows  a  few  sample  points  in  the  frequency  domain 
(6.3  MHz  region  in  this  case)  to  be  the  basis  for  rejecting  a 
reasonably  good  cable  pair.  This  is  somewhat  analogous  to 
allowing  one  ten  foot  segment  in  a  distance  domain  plot  such 
as  that  shown  in  Figure  4  to  indicate  failure  for  the  same  pair. 
What  is  really  desired  in  either  case  is  to  allow  the 
characteristic  impedance  to  be  represented  by  an  average  of  the 
many  measurements  made  either  in  the  frequency  or  distance 
domain.  A  structural  return  loss  or  a  two  port  excessive  loss 
peak  specification  should  form  the  basis  for  placing  a  limit  on 
impedance  and  transmission  irregularities. 


4.2  Fitting  Data  with  an  Impedance  Like  Function 

What  is  needed  in  the  case  of  long  length  measurements  is  a 
way  of  extracting  the  characteristic  impedance  estimate  from 
the  possibly  rough  input  impedance  trace.  One  approach  to 
dealing  with  frequency  domain  data  such  as  that  shown  in 
Figure  7  is  to  fit  an  appropriate  impedance  like  function  to  the 
data.  Such  a  frequency  function  is  one  consisting  of  a  constant 
and  an  inverse  square  root  of  frequency  component  as  indicated 
by  Equation  10.  The  basis  for  the  f  1/2  term  comes  from  the 
internal  conductor  inductance  which  is  a  part  of  the  total  pair 
inductance.  The  skin  effect  phenomena  results  in  the  wire 
resistance  increasing  and  the  internal  inductance  decreasing  as 
f,a. 

|Z0|  =  C,  ♦  Si  (10) 

v/ 


Shown  in  Figure  8  is  a  least  squares  fit  to  one  of  the  two  scans 
of  Figure  7  by  the  function  represented  by  Equation  10.  This 
example  shows  a  very  nice  fit  at  low  frequencies  and  intuitively 
good  accommodation  of  the  data  at  high  rrequencies.  The  C| 
and  C2  coefficients  for  this  example  are  approximately  98  and 
7  Ohms  respectively  where  frequency  is  in  MHz. 

Appropriate  weighting  is  desirable  when  fitting  a  function  to 
the  frequency  domain  data.  The  data  presented  here  was 
obtained  from  a  netwoik  analyzer.  It  consists  of  401  equally 
spaced  points  on  a  linear  frequency  scale.  To  obtain  the  fitted 
result  shown  in  Figure  8  a  logarithmic  weighting  technique  was 
used.  A  data  point  at  0. 1  MHz  was  given  a  weighting  of  10 


Function  of  Frequency  Given  by  Equation  10 


relative  to  a  1  MHz  value  and  a  10  MHz  value  received  a 
weighting  of  0.1  relative  to  the  1  MHz  value.  Simply  using  a 
weight  of  one  for  each  data  point  when  data  points  are  equally 
spaced  on  the  frequency  scale  often  results  in  poor  fits  at  the 
low  frequency  end.  What  is  desired  intuitively  is  to  place  more 
emphasis  on  the  data  where  it  is  less  oscillatory  thereby 
forcing  a  closer  fit  to  those  points.  This  weighting  system  is 
analogous  to  assuming  one  has  uniformly  spaced  data  on  the 
log(f)  scale.  Another  approach  is  to  acquire  data  from  the 
network  analyzer  on  a  log  frequency  basis  where  this  feature  is 
available  using  the  same  weighting  for  all  values. 


4.3  Using  an  Average  of  Several  Impedance  Scans 

A  better  impedance  estimate  for  an  individual  pair  can  be 
obtained  by  computing  the  average  of  data  acquired  from  both 
ends.  The  average  of  two  independent  scans  such  as  those 
shown  in  Figure  7  can  be  least  squares  fitted  with  the 
frequency  function  of  Equation  10.  The  average  fitted  result 
generally  falls  half  way  in  between  the  results  obtained  by 
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Fig.  9  Impedance  Average  of  Four  Pairs  Fitted  Frequency 
Function  along  with  Impedance  Extremes 
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fitting  the  individual  scans. 

Further  averaging  can  be  employed  with  regard  to  obtaining  an 
average  characteristic  impedance  for  all  pairs  in  a  cable.  The 
results  obtained  from  averaging  two  scans  each  from  several 
pairs  are  generally  much  smoother  than  results  obtained  from 
the  two  scans  for  an  individual  pair.  Figure  9  shows  the 
average  for  a  four  pair  cable  (8  scans)  fitted  with  Equation  10. 
Also  shown  are  the  impedance  maxima  and  minima  computed 
from  the  eight  scans  at  each  frequency.  The  average  of  the 
several  scans  is  smooth  and  relatively  reliable,  compared  to  the 
individual  traces  shown  in  Figure  7.  The  maxima  and  minima 
traces  show  that  whereas  variation  across  the  four  pairs  is  only 
a  few  percent  at  low  frequencies,  at  the  high  frequencies  it 
exceeds  the  100  Ohm  +/- 15%  limits  by  a  considerable  amount 
for  this  relatively  rough  cable  example.  The  fitted  functions 
for  the  individual  pairs  while  not  shown  here  only  varied  by 
about  5%  to  10%  from  the  lowest  impedance  pair  to  the 
highest  impedance  pair,  for  this  type  of  cable  and  readily 
stayed  within  the  100  Ohm  +/-  15%  limits  expected  of  this 
design. 


4.4  Smoothing  Frequency  Domain  Data 

Another  technique  that  can  be  used  in  the  frequency  domain  is 
that  of  smoothing  or  filtering  the  data  in  a  digital  manner.  One 
form  of  filtering  is  to  simply  compute  at  each  frequency  a 
smoothed  estimate  of  the  magnitude  of  the  characteristic 


Fig.  10  Frequency  Domain  Filtering  of  Frequency 
Domain  Data  using  a  1/2  Octave  Wide  Average 


impedance  based  on  an  average  of  the  values  at  and 
surrounding  the  particular  point  in  frequency.  This  form  of 
filtering  does  not  have  the  physical  basis  as  does  filtering  in  the 
time  domain  but  yields  reasonably  smooth  looking  results. 
Figure  10  shows  results  for  the  data  plotted  in  Figure  8  where 
the  width  of  the  smoothing  interval  extends  from  .51'4  of  the 
center  frequency  to  21/4  times  the  center  frequency  and  is  1/2 
octave  wide.  The  response  in  Figure  10  is  much  smoother  than 
the  unfiltered  data  but  preserves  the  broad  features.  Increasing 


the  width  of  the  smoothing  interval  to  an  octave  results  in  a 
smoother  response  in  this  case  but  there  are  situations  where 
pairs  exhibit  broad  high  or  low  regions  more  than  an  octave 
wide. 


4.5  Transformation  to  the  Time  Domain  and  Digital 
Filtering 

Not  all  pairs  are  as  well  behaved  as  the  one  shown  in  Figure  7. 
Generally  the  input  impedance  data  exhibits  increasing 
oscillation  with  increase  in  frequency.  When  longer  lengths  of 
similar  product  are  measured  the  resulting  oscillations  are  more 
severe.  Function  fitting  has  uncertainties  associated  with  it 
when  the  data  is  poorly  behaved  or  when  the  function  is 
inadequate  as  in  the  case  of  stranded  conductors. 

Frequently  moderately  strong  peaks  (+  or  -)  are  encountered 
in  the  frequency  domain  data.  They  are  evidence  of  periodic 
structural  effects  along  the  length  of  the  pair.  These  effects  are 
ones  that  can  readily  be  filtered  out  if  the  data  such  as  that 
shown  in  Figure  7  is  transformed  into  the  time  (distance) 
domain.  Also,  filtering  in  the  time  domain  has  a  stronger 
physical  basis  than  smoothing  in  the  frequency  domain.  In  the 
frequency  domain  when  doing  smoothing,  what  one  does  with 
the  real  and  imaginary  components  is  not  as  clear.  In  the  time 
domain  only  a  real  response  exists  for  a  causal  system  such  as 
this  one. 

Further  refinement  of  the  long  length  characteristic  impedance 
data  processing  technique  discussed  in  the  previous  section, 
involves  computing  the  impulse  response  for  the  frequency 
domain  data.  Digital  filtering  is  carried  out  in  the  time  or 
distance  domain.  This  procedure  is  somewhat  analogous  to 
filtering  the  results  from  the  cable  cutting  experiment  discussed 
in  Section  3.3  and  shown  in  Figure  4.  Any  periodic  tendencies 
in  the  structure  show  up  as  strong  positive  or  negative  peaks  in 
the  frequency  domain  but  are  readily  smoothed  away  in  the 
time  domain.  The  filtered  response  is  converted  back  to  the 
frequency  domain  with  the  result  being  a  frequency  domain 
impedance  trace  that  is  much  smoother  especially  at  high 
frequencies  than  what  was  started  with. 

Converting  to  the  time  domain  is  based  on  the  Fourier  Integral 
F(u)  =  f"  Me'J,Jldt  (11) 

and  the  inverse  Fourier  Integral  stated  by  Equations  11  and  12 
respectively. 

fit)  =  —  f"F(u>)  (12) 

2nJ— 

The  Fast  Fourier  Transform  (FFT)  and  its  inverse  are  the 
digital  data  processing  counterparts  of  Equations  1 1  and  12. 
They  can  be  used  to  do  the  necessary  computations  with 
reasonable  amounts  of  processing  time.  The  FFT  algorithms 
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complete  with  program  listings  can  be  found  in  books  on  digital 
signal  processing.3 

The  time  domain  signal  obtained  by  means  of  the  frequency 
domain  to  time  domain  transformation  is  dependent  upon  what 
sort  of  generator  signal  is  assumed.  For  our  purposes  an 
impulse  response  of  the  reflection  coefficient  (actually  sn 
parameter)  is  suitable.  This  is  analogous  to  the  real  time 
arrangement  where  a  short  pulse  is  applied  to  a  pair  via  a 
transformer  and  a  'ap  from  the  connecting  line  is  fed  to  the 
high  impedance  input  of  an  oscilloscope. 

The  computation  procedure  picks  up  with  the  rough  frequency 
domain  impedance  estimate  obtained  from  the  open  and  short 
circuit  measurements  that  were  considered  in  Section  4.1.  A 
reflection  coefficient  s,,  is  computed  via  Equation  13  which  is 


5 


it  = 


Zq-Zc 


(13) 


the  inverse  of  Equation  8.  s, ,  becomes  the  F(o)  of  Equation 
12  which  is  transformed  into  an  impulse  response  f(t).  The 
Fast  Fourier  Transform  algorithm  in  its  simplest  form  works 
with  an  array  size  which  is  a  power  of  2.  An  adequate 
frequency  domain  representation  extending  to  25  MHz  can  be 
had  with  256  frequency  values  where  the  frequency  increment 
is  97.7  kHz.  The  input  values  are  interpolated  from  the  401 
network  analyzer  data  points.  The  reflection  coefficient  is  a 
complex  quantity.  Even  symmetry  applies  to  the  real 
component  and  odd  symmetry  to  the  imaginary  component. 
The  computed  time  response  is  a  real  response  starting  at  t=0 
and  extending  over  the  round  trip  time  of  the  cable  pair  but 
decaying  with  time  due  to  the  attenuation  of  the  pair. 


E-.B2 

t 


-.Ml - - - 1 

6  .5  1  1.5  2  2.5  3 

HUE  -  uSEC 

Fig.  11  Time  Domain  Impulse  Response  for  Frequency 
Domain  Impedance  Plotted  in  Figure  8 


Figure  11  shows  a  time  domain  impulse  response  for  the  data 
plotted  as  impedance  in  Figure  8.  It  shows  the  same  structure 
as  would  be  seen  if  a  pulse  response  were  observed  at  the 
transmitting  end  with  an  oscilloscope.  The  time  scale  extends 
from  0  to  3  micro-seconds  which  is  the  approximate  round  trip 


time  of  the  500  ft.  cable  pair  being  considered  here.  This 
response  has  the  typical  property  of  attenuating  rapidly  with 
frequency  and  in  this  example  has  greatly  reduced  amplitude 
after  .5  micro-seconds.  A  perfectly  smooth  cable  pair  would 
yield  a  slowly  decaying  response  (not  exactly  exponential)  with 
no  oscillation. 


Fig.  12  Filtered  Time  Domain  Response  Obtained  by 
Using  a  Digital  Low  Pass  Filter 


xt  =  Kxl  l  +  (1  -K)xi  (14) 

Figure  12  shows  the  resultant  time  domain  response  after 
digital  filtering.  The  data  of  Figure  11  has  been  passed 
through  a  digital  low  pass  filter  twice.  This  digital  low  pass 
filter  is  of  the  form  represented  by  Equation  14.  It  indicates 
that  the  current  array  element  xt  is  to  be  replaced  with  some 
constant  K  where  0<K<  1,  times  the  previous  array  element 
xH  (output)  plus  (1-K)  times  the  current  element  (input).  This 
digital  filter  has  a  frequency  response  similar  to  an  analog  low 
pass  filter  with  a  K  close  to  unity  resulting  in  a  low  cutoff 
frequency  and  K=0  resulting  in  no  filtering. 

The  result  of  the  filter  scans  is  that  much  of  the  rapidly  varying 
structure  is  removed.  Low  frequency  content  is  preserved 
while  high  frequency  content  is  attenuated.  The  filter  factor  K 
=  0.6  was  used  here  with  a  sample  interval  of  .02  micro¬ 
seconds.  Since  K2  =  .36  the  time  constant  of  a  single  stage  of 
the  filter  must  be  about  two  sample  intervals.  In  this  example 
only  a  moderately  strong  filtering  effect  was  used  so  as  to 
better  demonstrate  the  workings  of  the  filter.  In  actual 
application  a  somewhat  stronger  filtering  effect  would  be 
chosen.  It  could  even  be  adjusted  dynamically  based  on  where 
strong  frequency  domain  effects  set  in. 

A  Fast  Fourier  Transform  analogous  to  Equation  1 1  was  used 
to  compute  the  frequency  domain  impedance  results  (transform 
back  to  the  frequency  domain).  Figure  13  shows  the  frequency 
domain  results  after  the  transforming  and  filtering  operation 
along  with  the  prior  trace.  The  filter  has  had  almost  no  effect 
for  frequencies  below  2  MHz  leaving  the  reliable  portion  of  the 
impedance  estimate  unshifted.  It  has  removed  much  of  the 
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Fig.  13  Frequency  Domain  Impedance  Calculated  from 
Filtered  Time  Domain  Results  Shown  in  Fig.  12 


structure  for  frequencies  beyond  about  6  MHz.  It  has  left  us 
with  a  much  cleaner  rendition  of  the  desired  characteristic 
impedance  information  with  the  amplitude  of  the  strong  peaks 
being  reduced  substantially.  Whereas  the  frequency  domain 
smoothing  shown  in  Figure  10  simply  established  an  average  at 
any  given  point  in  frequency,  this  method  actually  removes 
almost  all  of  the  undesired  structure  leaving  us  with  a  result 
more  like  a  smooth  impedance  response.  A  slightly  stronger 
filter  coefficient  would  effect  further  smoothing  completely 
removeing  the  negative  going  peaks  at  6  and  9  MHz. 

The  processed  impedance  result  shown  in  Figure  13  fits  well 
within  the  TR-4 1.8.1  limits  shown  in  Figure  7.  The  least 
squares  fit  of  Equation  10  if  carried  out  on  this  representation 
would  yield  similar  results  to  those  obtained  earlier  but  with 
much  less  brute  force  function  fitting.  This  is  especially  true 
when  one  considers  extending  this  measurement  technique  to 
longer  pair  lengths  and/or  higher  frequencies. 

Many  different  data  sets  have  been  processed  with  the 
transform  and  filtering  method  as  well  as  the  frequency  domain 
approaches  discussed  in  Sections  4.2  and  4.3.  Generally  the 
frequency  domain  methods  are  effective  but  this  method 
represents  a  further  refinement.  The  final  results  (fitted 
coefficients)  obtained  for  pairs  where  the  scans  from  the  two 
ends  are  considerably  different  will  be  more  alike  when  the 
transform  and  filtering  technique  is  used.  Results  obtained  via 
all  the  data  processing  techniques  pertaining  to  long  length 
impedance  measurements  have  been  compared  to  results 
obtained  by  the  delay  and  capacitance  method  for  cables  where 
capacitance  is  invariant  with  frequency.  The  two  methods 
agree  very  well,  generally  to  within  an  Ohm. 


VI.  Conclusion 

Of  the  several  methods  for  obtaining  the  characteristic 
impedance  of  a  cable  pair  the  first  method  which  involves  the 
delay  and  low  frequency  capacitance  involves  the  least  effort. 
It  is  based  on  a  through-the-cable  measurement  simultaneous 


with  measuring  the  propagation  constant.  The  low  frequency 
capacitance  value  is  readily  obtained  by  means  of  a  capacitance 
bridge.  This  method  is  to  be  recommended  for  dielectric  cross- 
sections  where  capacitance  can  be  assumed  invariant  with 
frequency.  This  covers  a  broad  category  of  transmission 
media. 

The  short  length  and  the  long  length  one  port  measurement 
techniques  both  yield  information  from  which  valid 
characteristic  impedance  values  can  be  calculated  if  enough 
representative  data  is  obtained.  The  short  length  approach 
requires  measurements  on  more  than  one  length  (maybe  more 
than  two)  to  obtain  a  meaningful  average.  The  long  length 
method  requires  meaningful  processing  of  many  data  points 
obtained  from  a  single  long  length.  Both  involve  considerable 
effort.  For  the  short  length  method  the  effort  is  manual  with 
much  sample  gathering  and  preparation  effort.  The  latter 
method  uses  a  computer  to  do  the  work.  Most  of  us  would 
probably  prefer  to  let  a  computer  do  the  work. 

In  the  long  length  approach  data  from  a  single  long  sample  is 
adequate  but  data  processing  is  required  to  separate  the 
characteristic  impedance  information  from  the  structural  return 
loss  information.  The  data  processing  features  the  use  of 
frequency  domain  function  fitting  or  smoothing  or  both. 
Further  refinement  involves  the  FFT  and  digital  filtering  in  the 
time  domain  ending  with  frequency  domain  function  fitting  to 
obtain  a  characteristic  impedance  result  for  a  range  of 
frequencies  where  the  smoothness  of  the  final  result  is 
comparable  to  the  two  port  result  obtained  from  delay  and  low 
frequency  capacitance. 

A  by-product  of  the  long  length  method  is  that  information 
pertaining  to  the  smoothness  of  the  pair  is  available.  The 
structural  return  loss  can  be  calculated  from  the  input 
impedance  data.  While  this  document  focuses  on  characteristic 
impedance,  smoothness  information  is  of  interest  in  the  case  of 
many  designs  and  should  not  be  overlooked.  This  information 
is  not  available  when  the  delay  capacitance  method  is  used. 
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ABSTRACT 

As  more  and  more  fibers  are  being  deployed  in 
the  subscriber  loop,  testing  and  data  handling 
issues  have  to  be  adequately  addressed  because  of 
the  increasing  complexity  associated  with  different 
fiber  placing  configurations  under  vastly  different 
field  conditions.  In  this  study  outside  plant  testing 
requirements  in  trunk  and  subscriber  loop  con¬ 
structions  were  compared,  and  various  optical 
testing  instruments  and  procedures  were  evalu¬ 
ated  for  their  functionality  and  relevance  in  the 
fiber  loop.  Data  storage  and  handling  techniques 
were  also  investigated  for  their  effectiveness  and 
efficiency.  In  most  cases  new  procedures  specific 
to  optical  testing  in  a  fiber  loop  were  then  estab¬ 
lished.  In  summary,  this  study  demonstrated  that 
testing  during  outside  plant  construction,  when  it 
is  done  properly  and  efficiently,  will  allow  advanced 
services  to  be  successfully  brought  to  the  sub¬ 
scribers  in  a  fiber  loop  network. 


INTRODUCTION 

With  the  introductiou  of  optical  fiber  to  the  sub¬ 
scriber  loop,  both  outside  plant  (OSP)  construction 
and  testing  undergo  considerable  changes  to 
accommodate  a  greater  diversity  of  network  con¬ 
figurations  and  cable  structures,  which  could 
include  designs  with  large  fiber  count  cables.1  It  is 
also  apparent  that  OSP  optical  testing  for  a  fiber 
loop  network  has  to  be  flexible  and  properly 
designed  so  it  can  be  accomplished  more  efficiently 
and  reliably. 

During  OSP  construction  of  a  fiber  loop  network, 
different  crews  may  be  involved  in  cable  placing, 
fiber  splicing,  and  terminal  installation.  In  con¬ 
trast  to  a  fiber  trunk  network,  a  single  testing 
method  alone  will  not  adequately  address  the 
different  conditions  encountered  in  a  fiber  loop 
network.  This  means  that  cable  splicers  and 
terminal  installers  have  to  be  properly  equipped  to 
test  fiber  cables  in  diverse  installations  -  from  the 
central  office  (C.O.)  to  the  remote  terminal  (RT), 


then  to  the  customer's  distant  terminal  (DT),  as 
shown  in  Figure  1.  Therefore,  new  test  procedures 
need  to  be  developed  for  short  haul  applications  and 
a  greater  variety  of  optical  test  equipment  should  be 
made  available  accordingly. 


QSP  CONSTRUCTION  AND  TESTING 

There  are  at  least  three  phases  in  constructing 
a  fiber  plant:  cable  placing,  fiber  splicing,  and 
acceptance  testing.  In  considering  testing  require¬ 
ments  for  a  fiber  network,  the  contrast  in  the  OSP 
construction  between  a  trunk  network  and  a  local 
loop  network  should  be  noted. 

For  a  trunk  network,  the  distance  between  two 
C.O.'s  is  usually  of  tens  of  kilometers.  Each  piece  of 
the  fiber  cable,  up  to  several  kilometers  in  length, 
typically  contains  less  than  a  hundred  fibers.  After 
placing  cables,  a  single  splicing  method  (for 
example,  either  standard  mechanical  or  fusion 
splicing  techniques)  is  frequently  used  to  join  the 
ends  of  individual  fibers  at  an  interval  of  a  few 
kilometers.  Because  of  unidirectional  transmis¬ 
sion  in  each  fiber  and  a  large  end-to-end  loss 
budget  of  16-36  dB  for  a  trunk  installation,  it  may 
suffice  to  have  a  single  end-to-end  loss  measure¬ 
ment  for  final  acceptance  testing.  OSP  testing 
could  therefore  consist  principally  of  the  total  loss 
measurement  at  1300  nm  using  either  an  optical 
power  meter  or  an  optical  time  domain  reflectome- 
ter(OTDR). 

On  the  other  hand,  in  a  fiber  loop  network  the 
construction  practices  are  more  complicated.  One 
of  Ahe  reasons  is  that  the  network  is  comprised  of 
several  different  cable  structures  and  fiber  counts. 
Moreover,  the  splice  locations  are  very  diverse  and 
include  customer's  premises,  curb  side,  controlled 
environmental  vault,  and  C.O.  Consequently,  a 
single  splicing  method  may  not  adequately  address 
the  needs  at  different  locations.  In  some  cases,  the 
incorporation  of  new  multiple  fiber  splicing 
methods  would  reduce  labor  costs  and  installation 
time.2  In  addition,  the  terminal  installation  and 
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possibly  additional  acceptance  testing  are  also 

parts  of  the  construction  work  for  a  subscriber  loop.  Table  1. 


Because  of  the  diversity  and  complexity  associ¬ 
ated  with  constructing  a  fiber  local  loop,  a  plurality 
of  tests  may  be  required  during  different  phases  of 
the  construction.  Furthermore,  due  to  a  much 
smaller  end-to-end  loss  budget  (~  6  dB),  there  is  less 
margin  in  the  insertion  loss  for  each  splice  or 
connector.  As  a  result,  individual  connections  may 
need  to  be  tested  to  achieve  the  optimal  perfor¬ 
mance.  In  some  applications,  duplex  transmission 
at  1300/1550  nm  or  1300/850  nm  in  a  single  fiber 
may  demand  loss  measurements  at  more  than  one 
wavelengths.  Lastly  since  optical  reflection  may 
severely  degrade  the  performance  for  certain 
broadband  or  AM  video  transmission  systems,  the 
optical  return  loss  (ORL)  becomes  an  important 
parameter  to  be  tested  in  the  OSP. 

We  evaluated  the  functionality  and  suitability  of 
many  different  commercial  instruments  for  OSP 
testing.  This  process  also  considered  how  to 
manage  large  amounts  of  data  in  the  local  loop 
network  through  mechanization.  One  of  the  objec¬ 
tives  of  this  evaluation  was  then  to  develop  testing 
procedures  to  ensure  that  the  fiber  network  could 
be  built  with  high  reliability. 


EVALUATION  OF  TEST  EQUIPMENT 

Instruments  being  examined  in  this  study 
included  OTDRs,  optical  power  meters,  ORL  test 
sets,  fault  finders,  visible  fault  locators,  fiber 
identifiers  and  a  high  power  microscope.  Depend¬ 
ing  on  the  task  on  hand,  cable  splicers  and 
terminal  installers  selected  several  items  from  the 
equipment  list  for  testing.  With  the  introduction  of 
many  sophisticated  test  instruments,  both  splicers 
and  installers  have  to  learn  the  fundamentals  and 
operations  of  advanced  test  equipment.  Conse¬ 
quently,  proper  training  and  follow-up  also  became 
essential  parts  of  this  study. 

Based  on  the  above  considerations,  we  evaluated 
test  instruments  for  their  functionality,  perfor¬ 
mance,  degree  of  automation,  user  friendliness  and 
compactness.  For  certain  tests,  memory  or  data 
storage  capabilities  save  testing  time  and  assure 
that  accurate  readings  are  recorded.  All  stored  test 
results  may  later  be  down-loaded  into  a  mainframe 
or  a  personal  computer  and  displayed  in  a  spread 
sheet  format. 

Table  1  provides  a  summary  of  test  instruments 
and  their  functionalities.  For  each  item  on  the  list, 
a  brief  description  and  some  special  features  are 
discussed  separately. 


List  of  Optical  Test  Equipment  for  a  Fiber  Loop 


Test  Instrument  Functionality 


OTDR 

Optical  Power  Meter 

ORL  Test  Set 
FaultFinder 

Visible  Fault  Locator 
Fiber  Identifier 
Microscope 


End-to-end  loss,  insertion  loss, 
fault  locating 

End-to-end  loss,  insertion  loss, 
continuity  check 

System  ORL,  component  ORL 

Fault  locating  and  identification, 
continuity  check 

Fault  locating 

Continuity  check,  traffic  check 

Fiber  end  inspection, 
connector  finish  check 


OTDR 

OTDRs  have  been  used  extensively  in  construct¬ 
ing  a  trunk  network,  providing  an  effective  means 
of  measuring  overall  and  component  losses,  and 
locating  faults.  For  loop  applications,  because  of 
the  shorter  fiber  run  and  a  higher  concentration  of 
splices/connectors  at  two  ends  of  the  run,  test 
requirements  for  an  OTDR  underwent  major 
changeB.  For  example,  high  resolution,  Bhort  dead 
zone,  masking  function  and  data  storage  capacity 
are  some  of  the  useful  features  which  can  be  found 
in  newly  developed  OTDRs.  Figure  2  illustrates  the 
contrast  between  OTDR  traces  taken  from  a  trunk 
fiber  and  a  loop  fiber. 

Optical,  Pow.er.Meter 

Optical  power  meters  have  been  traditionally 
used  in  measuring  the  end-to-end  loss.  Because  of 
the  smaller  loss  budget  and  potential  duplex 
transmission  in  a  fiber  loop,  some  new  features 
including  dual  wavelength  operation  (at  1300/1660 
nm)  and  automatic  zeroing  become  very  useful. 
The  operation  of  some  optical  power  meters  may 
require  separate  sources.  In  most  cases,  memory 
or  storage  capabilities  of  loss  values  save  time  and 
assure  that  accurate  readings  will  be  recorded.  An 
RS-232  interface  option  will  also  be  advantageous  in 
the  loop  since  it  allows  all  modes  and  parameters  to 
be  controlled  externally,  and  all  stored  values  to  be 
down-loaded  into  a  computer  for  future  reference 
or  analysis. 

Since  either  OTDR  or  power  meter  will  likely  be 
used  in  the  final  acceptance  testing,  convenience  in 
storing  and  retrieving  test  results  for  possible 
restoration  work  is  an  important  consideration  of 
OSP  testing.  Due  to  the  large  amount  of  fibers 
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being  placed  in  a  fiber  loop  network,  management 
of  these  fibers  is  crucial  and  should  be  mechanized. 

.QEL-XfifitSet 

The  ability  to  test  ORL  on  individual  connectors 
or  the  whole  span  will  be  a  requirement  for  many 
high  bit-rate  and  AM  transmission  systems 
because  of  the  high  sensitivity  of  some  laser 
sources  to  optical  reflection.  Due  to  the  variability 
in  ORL  performance  of  connectors,  ORL  testing 
should  be  included  in  most  OSP  testing.  This 
feature  could  be  incorporated  into  an  OTDR  or  an 
optical  power  meter.  Some  stand-alone  ORL 
instruments  have  recently  become  available. 

Fault  Finder 

A  fault  finder  is  a  portable,  low  cost  instrument 
which  provides  digital  read-outs.  It  can  detect  and 
identify  both  reflective  and  non-reflective  faults, 
and  can  give  a  read-out  of  the  distance  to  the  fault 
or  the  end  of  cable.  This  unit  would  be  useful  for 
testing  in  the  local  loop  -  for  example,  it  can  be  used 
during  restoration  work.  It  will  supplement  an 
OTDR  when  equipping  the  crew  with  more 
sophisticated  instruments  may  not  be  practical  in 
an  emergency.  Besides  the  loss  reading,  a  unit 
which  provides  an  ORL  reading  will  be  more 
attractive. 

Visual-Fault  Locator 

A  visual  fault  locator  can  send  a  visible  light 
into  a  piece  of  fiber  so  fiber  breaks  or  high  loss 
faults  can  be  visually  observed.  Examples  of  such 
faults  include  poorly  polished  connectors,  splices 
with  high  losses,  and  microbending  losses  in  a 
splice  tray  or  other  areas. 

Optical  Fiber.  Identifier 

This  instrument  commonly  used  in  a  trunk 
network  will  be  useful  in  the  local  loop  as  well.  An 
example  of  its  applications  is  to  identify  fibers  in  a 
working  cable  for  new  construction  or  restoration. 
During  restoration,  the  splicer  would  have  to 
ensure  that  a  live  fiber  is  not  being  worked  on.  A 
source  would  be  required  on  a  non-working  fiber. 

Microscope 

A  high  magnification,  easy-to-operate  micro¬ 
scope  would  be  of  considerable  value  when  inspect¬ 
ing  the  finish  of  field-installed  connectors. 

Based  on  our  understanding  of  the  performance 
requirements  for  a  fiber  loop,  we  have  evaluated 
test  equipment,  data  management  and  staff  train¬ 


ing  issues  for  OSP  testing.  With  the  accumulated 
knowledge  of  OSP  test  results  and  system  perfor¬ 
mance,  OSP  testing  will  continue  to  evolve  so  fibers 
can  be  brought  to  the  subscribers  more  reliably  and 
economically. 


CONCLUSION 

In  conclusion,  the  optical  testing  requirements 
in  the  local  loop  are  more  diverse  than  those  in  the 
trunk  network.  Many  testing  techniques  and 
instruments  have  been  evaluated.  With  the  pro¬ 
gressive  evolution  of  fiber  in  the  local  loop  and  the 
introduction  of  more  fiber  optic  components  (such 
as  splitters,  couplers,  isolators  and  attenuators), 
OSP  testing  will  become  more  complex.  We  will 
continue  our  evaluation  following  the  evolution  of 
the  loop  network  and  the  development  of  new  test 
instruments. 
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Customers'  Premises 


Figure  1.  Optical  fiber  network 
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(B)  Schematic  of  OTDR  trace  between  CO  and  DT  in  a  loop  fiber 


Figure  2.  Schematic  of  OTDR  traces:  (A)  trunk  fiber  and  (B)  loop  fiber. 
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Design  and  Evaluation  of  Automatic  Optical  Fiber  Operation  Support  System 


Hidetoshi  "AKASUGI  ,  Nobuo  TOMITA  ,  Takuya  UENOYA* 
ikuo  NAKAMURA**  and  Yutaka  YOKOO** 

*NTT  Network  Systems  Development  Center 
Chiyoda-ku,  Tokyo,  100,  Japan 
NTT  Operations  Systems  Development  Center 

Kawasaki-ku,  Kawasaki-shi ,  Kanagawa,  210,  Japan 


1 .Abstract 

The  design  and  performance  evaluation  of  an 
Automatic  Optical  Fiber  Operation  Support  System 
is  described.  This  system  has  been  developed  to 
carry  out  several  tests  on  optical  fiber  cable 
networks  automatically  by  remote  control  without 
interrupting  services.  The  system  functions  are 
evaluated  in  a  system  which  is  specifically 
assembled  so  a  trial.  OTDR  measurement  is 
successfully  achieved  for  an  operational  optical 
fiber  line  without  increasing  the  error  rate  of 
transmitted  signals.  Also,  the  dynamic  range  of 
the  OTDR  measurements  approximately  10dB.  Cable  or 
transmission  equipment  faults  are  clearly  and 
separately  distinguished. 

2  JLn.t  reduction 

In  order  to  satisfy  customer  demands  for  various 
services,  fiber  optics  transmission  systems  have 
played  a  vital  part  in  subscriber  lines.  Recently 
NTT  has  started  to  introduce  the  Central  Terminal 
/  Remote  Terminal  (CT/hT)  system  which  provides 
basic  plain  old  telephone  services  and  ISDN 

services*'*  and  also  introduced  single-mode 

optical  cables  with  multiple  fibers  into 
(2) 

subscriber  loops  Although  optical  cable 

installation  is  rapiaiy  increasing  as  an 
infrastructure  of  subscriber  networks.  an 
effective  operation  system  has  not  yet  been 
introduced  for  optical  fiber  lines.  Therefore,  we 
are  facing  to  increasing  problems  related  to  the 
operation  and  maintenance  of  fiber  lines.  They  are 
as  fol lows  : 

(I)  There  has  been  an  increase  in  the  time 

requirod  for  the  testing  and  maintenance  of 


optical  fiber  cables  due  to  manual  operation. 

(2)  Currently,  distinguishing  between  faults  in 
fiber  lines  and  those  in  transmission  equipment  is 
undertaken  manually.  This  is  very  difficult  to 
accomplish  quickly  and  therefore  makes  the  system 
less  reliable  for  customers. 

1)  As  subscriber  loops  line  have  become  more 
extensive,  and  the  number  of  optical  fibers  in  a 
cable  has  increased,  the  edm i n i st ra 1 1 ve  paperwork 
required  for  handling  fiber  plant  information  has 
become  so  great  that  its  limit  has  almost  been 
reached. 

For  better  optical  fiber  network  reliability  and 
more  effective  fiber  operation,  the  optical  fiber 
subscriber  network  itself  should  have  an  operation 
system  that  can  monitor  the  fiber  line  in  service.* 
In  this  paper,  we  describe  the  design  of  an 
Automatic  Optical  Fiber  Operation  Support  System 
(called  AURORA)  and  evaluate  the  system 
performance.  This  system  is  designed  to  measure 
optical  fiber  characteristics  automatically 
without  interrupting  services.  To  evaluate  the 
performance  of  the  system,  we  checked  the  dynamic 
range  of  an  optical  time  domain  ref  I ectometer 
(OTDR)  measurement,  the  influence  of  the  testing 
light  on  transmission  quality  and  the  capability 
of  the  fault  distinction  device.  The  configuration 
of  each  component  and  assessments  of  optical 
character i st ics  are  also  mentioned  here. 

3.  System  Design  and  Function 

3. 1  Basic  Configuration 

Figure  I  shows  a  scnematlc  overview  of  the 
system.  It  consists  of  a  test  controller,  a  fiber 
selector,  an  optical  branch  module,  a  filter- 
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Data  Te I epommun i cation  Network 


[HART 


Fig.l  Schematic  overview  of  the  AURORA 


embedded  (FE) connecto r /  a  water  sensor  nodule/ 
and  a  work  station(WS).  The  WS,  which  is  composed 
of  a  personal  computer  and  a  data  base/  commands 
the  test  controller  and  administers  fiber 
information.  The  test  controller/  which  is  shown 
in  Fig. 2-  is  composed  of  a  personal  computer/  a 
data  base/  an  OTDR(  light  sources  for  optical  loss 
measurement  and  fiber  identification/  an  optical 
power  meter  and  a  fiber  selector.  The  computer 
controls  several  testma  devices  through  GP-IB 
commands/  and  processes  the  test  data  before 
storing  then  in  the  data  base.  In  addition,  this 
controller  can  be  commanded  by  a  Handy  Access  and 
Record  Terminal (KART)  which  is  carried  by  a  field 
engineur. 


Figure  3(a)  and  3(b)  show  an  optical  branch 
module  which  is  composed  of  optical  couplers/ 
filters  and  an  accommodation  box.  Test  lights  are 
injected  into  an  in-service  fiber  line  through 
this  coupler.  The  splitting  ratio  of  the  coupler 
between  the  communication  and  test  passes  was  set 
at  about  8  to  2-  taking  into  consideration  the 


Fig. 2  Photograph  of  Test-Controller 


dynamic  range  of  the  measurement  capability-  and 
the  loss  estimation  of  the  communication  line. 
Furthermore-  for  the  transmission  and  test 
wavelength  to  be  arbitrarily  set  within  the 
bandwidth-  the  ratio  is  set  flat  at  the  waye'enath 
band  of  l.25jjm  to  1 . 65pm .  The  optical 
character  i  st i cs  of  the  optical  branch  module  are 
summarized  in  Table  1.  The  average  optical  losses 
for  the  communication  pass  and  test  pass  are2.28dB 
and  7.96dB-  respectively. 
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Fig. 3(a)  Structure  of  Optical  Branch  Nodule 


Fig. 3(b)  Photograph  of  Optical  Branch  Nodule 


Table  1  Optical  Characteristics  of  Optical 
Branch  Nodule 


Optical  boss 

Average 

(dll) 

Standard 

Deviation 

'la\imum 

(dll) 

viinirajm 

(dll) 

comnunication 
ports  at  1.31pm 

2.28 

0.43 

3.19 

1.39 

Test  ports 

at  1.31pm 

7.96 

0.50 

9.15 

6.81 

communication 
ports  at  1.55pm 

— 

— 

— 

51.32 

Communication  pass  :  A  -  B  in  l'ig.3(a)  ,  Test  pass  :  C  -  B  in  Fig. 3(a) 
Sampling  Number  :  118 


.(2)EE.  connector. 

Fiaure  4  shows  the  structure  of  the  FE 
connector.  An  optical  wavelength  separation  filter 
is  inserted  in  the  connector.  The  filter  was 
designed  to  allow  a  1.3pm  wavelength  transmitting 
signal  to  pass  and  to  block  and  reflect  a  1.55pm 
wavelength  test  light.  For  the  FE  connector  to  be 
used  to  detect  the  faults,  it  is  necessary  to 


Table  2  Optical  Characteristics  of  FE  Connector 


Wavelength 

(pm) 

Reflection  attenuaUon(dB) 

Insertion  loss(dB) 

Required 

Mcasured(n=5) 

Required 

Mcasurod(n=6) 

1.31 

>22 

x=26.5,  mln-24.9 

<0.6 

x=0.45,  max-0. 49 

1.55 

<10.5 

x=8.75,  max=9. 92 

>51 

x=56.2,  min-55.2 

control  the  volune  of  test  light  back-reflection 
from  the  filter.  Initially.,  the  peek  reflection 
distance  and  Intensity  from  the  FE  connector  are 
measured  by  using  an  OTDR  and  stored  in  data 
base.  When  trouble  occurs  in  an  outside  section, 
the  system  measures  the  values  of  the  FE 
connector  again  and  compares  them  with  the  initial 
ones.  If  the  comparison  reveals  differences 
between  the  Initial  and  measured  values,  this 
indicates  that  a  line  fault  has  occurred.  If  not, 
it  indicates  transmission  equipment  trouble.  The 
minimum  attenuation  of  Fresnel  reflection  is  about 
1 4 . 3dB  when  a  fiber  is  cut  as  a  mirror.  Therefore 
the  volume  of  back-reflection  attenuation  at  the 
FE  connector  should  be  below  IO,5dB  for  the  test 
wavelength,  taking  into  consideration  the  margin 
of  3.8dB  for  changes  in  the  OTDR  and  fiber 
selector  characteristics.  Optical  characteristics 
of  the  FE  connector  are  summarized  in  Table  2. 

Two  types  of  fiber  selector  have  been  designed. 
One  type  is  an  Mechanically  Transferable  (MT) 
connector^*.  The  other  is  an  Single  fiber 
Coupling  (SC)  connector*4*,  The  MT-type,  which  is 
set  into  a  Fiber  Termination  Module(FTM),  selects 
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a  test  fiber  ribbon  with  an  MT  connector/  and  the 
SC-type#  which  Is  set  Into  tha  Test-Controller# 
selects  a  test  fiber  in  a  test  fiber  ribbon.  The 
schematic  structure  of  the  MT-type  fiber  selector 
is  shown  in  Fig.  5.  It  is  composed  of  fiber  ribbon 
cord  with  MT  connector  ferrules  which  are  set  onto 
a  plane  in  a  10  x  25  matrix  and  an  access  head 
with  an  MT  connector  ferrule.  MT  connector 
ferrules  in  the  matrix  have  two  guide-holes  and 
that  in  the  access  head  has  guide-pins  to 
facilitate  the  alignment  of  the  fiber  ribbons. 
This  selector  can  accommodate  a  terminated  cable 
of  up  to  1.000  fibers  at  the  matrix.  The  optical 
and  mechanical  characteristics  of  the  fiber 
selector  are  shown  in  Table  3.  The  average 
connecting  loss  of  tho  selector  was  0.34dB  with  a 
maximum  of  0.75dB.  The  loss  fluctuation  of  the 
selector  was  examined  in  a  repeated  switching  test 
(up  to  10.000  times)  as  shown  in  Fig. 6.  It  is 
found  that  the  loss  fluctuation  is  less  than 
±0.2dB  and  that  the  selector  remains  stable  after 
repeated  switching. 


Fig. 5  Structure  of  WT-tjrpe  Fiber  Selector 


Table  3  Characteristics  of  Fiber  Selector 


Fig.6  Fluctuation  of  Connecting  Loss  for  Repeat 
Switching 

C4)Water  sensor  modu  le 

(5) 

The  water  sensor  module  is  set  on  a 
monitoring  fiber  Inside  a  mechanical  closure.  When 
water  leaks  Into  the  closure#  absorbent  material 
expands  and  bends  the  monitoring  fibers  giving 
them  additional  optical  loss.  The  bending  l.oss  was 
designed  to  be  over  2dB  in  order  to  make  the  loss 
increase  clear.  Then  water  can  be  detected  by 
monitoring  the  bending  loss  by  using  the  OTDR. 

3.3  System  dynamic  range 

in  the  OTDR  test,  the  system  dynamic  range  can 
(6) 

be  calculated  from  :■ 

D  =  <  D0  -  X,  -  X2  )  (dB>  (1) 

where#  Do  is  the  dynamic  range  of  the  OTDR  which 
is  defined  here  as  a  one-way  loss  conversion  value 
at  the  peak  noise  level  of  the  OTDR  signal,  in  the 
OTDR#  D0  is  24.7dB  at  a  pulse  width  of  Ipsec.  and 
a  wavelength  of  1.3lym.  X|  is  coupling  loss  which 
is  estimated  at  1!.2dB  including  losses  in  both 
the  fiber  selector  and  the  optical  branch  module. 

Xj  is  the  margin  of  measuring  resolution  which 
corresponds  to  the  margin  of  the  S/N  ratio.  When 
the  resolution  R  is  assumed  to  be  half  the  noise 
width  of  the  optical  loss  waveform  from  the  OTDR. 

X2  is  given  by  : 

X2  =  -5Log  (  I0R/5  -  I  )  <dB>  (2) 


Item 

MT-type 

SC-type 

■■ffliSMI 

KMraH* 

Results 

S  U.SodB 

Ave.  0.34dB 
Ma,x  0.75dB 

mim 

Ave.  0. lldB 
Max  0.28dB 

Loss 

Fluctuation 

Hf-rbtjfl 

£±0. 15dB 

WSSmSSi 

£28dB 

Ave.  3<idB 
Min  30dB 

hsih 

Switching 

Speed 

Ave.  lOsec 
Max  15sec 

Ave.  lOsec 
Max  lasec 

’ve.  lOsec 
Ma.x  15sec 

WESmSSM 
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Optical  Branch  Module 


Fig. 7  Experimental  Configuration  for  System 
Evaluations 


Fig.8  Flow  of  Automatic  Process  for  OTDR 
Waveform 


Therefore/  in  the  system/,  the  dynamic  range  of 
the  OTDR  test  is  calculated  to  be  lO.SdB  where  R 
is  0.5dB. 


The  system's  automatic  -processing  and  its 
dynamic  range  of  optical  loss  measurement  using 
OTDR  were  evaluated  using  the  experimental 
configuration  shown  in  Fig.  7.  The  OTDR 
measurement  was  carried  out  at  a  wavelength  of 
l.3lpm,  a  pulse  width  of  Ipsec.  and  for  an 
averaging  time  of  I20sec.  The  automatic  process 


DISTANCE  HOI  TOE  CIDR  (Km) 


Fig .9  Waveform  of  OTDR  Measurement  and  Automatic 
Process  Result  for  OTDR  Data 


was  driven  as  shown  in  Fig. 8.  Figure  9  shows  the 
results  of  the  evaluation.  The  dotted  line 
represents  the  optical  loss  waveform  in  the  fiber 
line  measured  with  OTDR.  The  solid  line  represents 
an  automatically  processed  result.  It  is  clear 
that  the  solid  line  agrees  well  with  the  dotted 
line.  Figure  10  compares  manually  processed  data 
and  the  automatically  processed  data  from  the 
dotted  line  in  Fig.  9.  These  results  indicate  that 
the  automatic  measurement  of  the  OTDR  function  has 
a  dynamic  range  of  IOdB/  when  the  permitted  error 
is  under  0.5dB.  Furthermore/  the  dynamic  range 
corresponds  well  with  the  results  discussed  in 
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Fig. 10  Differences  Between  Manually  and 

Automatically  Processed  Results  of  Cable 
Connection  Points 


units  are  tOOMb/sec.  and  6.3Mb/sec. 


Figure  11  shows  the  error  rate  results. 


order  to  evaluate  the  influence  of  the  OTDR 


test  light  on  transmission  quality/  signal  error 
rates  were  examined  using  the  experimental 


configuration  shown  in  Fig.  7. 

Transmission  units  of  F100M  and  CT/RT  were 
employed  in  the  examination.  Line  rates  of  the 


Transmitting  signals  were  measured  using  pseudo¬ 
random  pattern.  Squares  and  circles  in  the  figure 
indicate  the  error  rates  when  the  OTDR  test  light 
was  on  and  off/  respectively.  From  this  figure/,  it 
is  found  that  both  srror  rates  are  the  same-  and 
this  Indicates  that  there  is  no  reduction  in 
transmission  quality  due  to  the  test  light. 
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Fig. 11  Coaparlson  of  Error  Rates  When  OTDR  Is 
Off  and  On 

4.3  Faults  Distinction 

The  back-reflection  of  the  FE  connector  was 
measured  for  a  fiber  broken  by  bending  and  for  the 
disconnection  of  the  MT  connector/  using  the 
experimental  setup  shown  in  Fig.  7.  Measurement 
conditions  for  the  OTDR  were  a  pulse  width  of 
20nsec.  and  a  sampling  distance  of  1.0m,  in  order 
to  increase  distinction  accuracy.  The  measured 
OTDR  waveform  is  shown  in  Fig.  12/  where/  a  FE 
connector  was  used  which  had  the  maximum  back- 
reflection  attenuation  for  1.55/im  shown  in  Table 
2.  From  Fig.  12  It  can  been  seen  that  abnormal 
states  are  the  noise  level  for  a  fiber  broken  by 
bending  and  2.3dB  smaller  than  the  normal  state 
for  the  disconnection  of  the  MT  connector 
Therefore,  it  is  found  that  faults  between  fiber 
lines  and  transmission  equipments  can  be 
satisfactorily  distinguished  by  the  difference 
between  normal  and  abnormal  optical 
characteristics  of  the  FE  connector. 


h . f — r 


reflection  peak 


nolee  peak 

j  cr  it.. 


A  = 

1 .55/im 

(5) 

Pw=20ns 

5dB/div 

250m/div 

(6) 

(a)normal  (b)bend  braking  (c)disconnection 

Fig. 12  OTDR  wavefora  of  Fault  Distinction 
Experiments 


In  order  to  promote  the  effective  operation  and 
maintenance  of  optical  fiber  lines,  the  AURORA  and 
related  components  were  designed  and  their 
performance  evaluated.  The  trial  System  achieved 
the  fo I  I owi ng  resu I ts  : 

Characteristics  of  each  component  achieved  to 
the  levels  of  target.  The  fiber  selector  remained 
stable  after  repeated  switching.  The  system 
dynamic  range  for  the  OTDR  test  function  was  10dB. 
when  the  permitted  error  of  measurement  value  was 
under  0.5dB. 

Faults  between  in  a  fiber  line  or  in  a 
transmission  equipment  were  clearly  distinguished. 

Therefore,  the  big  reduction  of  the  construction 
and  maintenance  time  of  optical  subscriber  line  is 
expected  by  the  AURORA.  Furthermore,  preventive 
line  maintenance  which  assists  the  estimation  of 
line  degradation  and  need  for  cable  renewal  has 
the  potential  to  be  realized  by  periodic  tests 
while  usual  service  continues. 


The  authors  are  grateful  to  Mr.  I.  Sakakibara. 

general  manager,  Mr.  M.  Miyama  and  Mr.  F. 
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Abstract 

A  new  technique  for  measuring  attenuation  la 
presented.  The  technique  Is  based  on  the  local 
Injection  and  detection  principle  which  requires 
no  longer  access  to  the  fiber  end  face.  The 
proposed  method  is  independent  of  coupling 
conditions  and  can  be  applied  for  the  measurement 
of  splice  loss,  optical  fiber  attenuation, 
insertion  loss  of  passive  optical  components 
(e.g.  couplers)  etc..  Due  to  the  fact  that  the 
technique  is  in  accordance  with  the  Power-Through 
Method  it  takes  intrinsic  and  extrinsic  loss 
mechanisms  into  account. 

A  portable  field  measurement  instrument  employing 
the  new  concept  has  been  developed.  The  system  is 
described  in  detail  and  practical  measurement 
results  are  shown  to  illustrate  the  high  accuracy 
of  the  technique  and  its  versatility  in  use  with 
various  fiber  types,  coatings,  and  colours. 


Introduction 

The  optical  attenuation  of  passive  optical 
components,  for  example  of  a  splice,  a  coupler, 
or  a  fiber,  represents  an  important  measuring 
quantity.  Two  techniques  are  currently  used  for 
measuring  the  optical  attenuation  in  the  field: 
the  Optical  Time-Domain  Reflectometry  (OTDR)  and 
the  Transmitted  Light  Measuring  Method  (Power- 
Through  Method).  However,  the  major  disadvantage 
of  both  methods  is  that  access  to  at  least  one 
fiber  end  is  an  absolute  necessity.  Therefore 
both  methods  do  not  allow  for  strictly  local 
attenuation  measurements.  Nevertheless,  a 
measurement  technique,  which  requires  no  longer 
access  to  the  fiber  end  face  has  long  been 
overdue.  Especially  in  Passive  Optical  Networks 
(PON)  for  Fiber  to  the  Home  (FttH)  or  Fiber  to 


the  Curb  (FttC) ,  where  the  integration  of 
couplers  leads  to  ambiguous  OTDR-measurement 
results,  is  considerable  demand  for w  a  local 
attenuation  measurement  system. 

Therefore  this  paper  Investigates  a  new  method 
for  measuring  attenuation,  which  is  strictly 
based  on  the  local  injection  and  detection 
technique. 

Measurement  method 

Local  injection  and  detection  systems  (LID) 
allow  the  loss  measurement  of  single-mode  fiber 
splices  using  the  "air  gap  method"  by  monitoring 
the  transmitted  power  while  aligning  and  fusing 
the  fiber  ends.  However,  this  method  is  strictly 
limited  to  automatic  fusion  splicing  techniques 
/I ,2,3 /.  It  can  not  be  applied  neither  for 
measuring  losses  of  fusion  splices  that  have 
already  been  produced  nor  for  measuring  the 
attenuation  of  any  other  passive  optical 
component,  such  as  mechanical  splices  or 
couplers. 

It  is  well  known  that  a  conventional  light 
injection  and  detection  system  using  macrobending 
mechanisms  does  not  allow  for  unique  attenuation 
measurements  due  to  the  uncertainty  of  the 
pertinent  coupling  efficiencies.  Our  new  system, 
however,  overcomes  this  problem  by  utilizing  a 
bidirectional  transmission  and  receiving  system. 
The  basic  system  for  measuring  the  loss  of  any 
optical  object  (splice,  fiber,  coupler  etc.),  is 
outlined  in  Fig.  1.  In  a  clip-on  manner,  light 
is  launched  on  both  sides  of  the  object.  The 
signals  then  propagate  crosswise  through  the 
object  to  be  measured  and  are  detected  on  the 
opposite  side.  The  receiver  provides  power  ratio 
measurements  by  simultaneous  detection  of  the 
signals  of  both  the  adjacent  and  opposite 
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Fiber  1 


Symmetric 
Receiver  I 


Symmetric 
Receiver  II 


Fiber  II 


Fig.  X:  Basic  system  for  strictly  bend  coupler  based  optical  loss  measurements. 
The  actual  system  consists  of  two  transmitters  and  of  at  least  one 
symmetric  receiver. 


transmitters.  On  each  side  of  the  object  the 
power  ratios  are  determined.  This  can  be  done  by 
using  one  receiver  on  each  side  or  more 
practically  by  measuring  the  two  power  ratios 
subsequently  with  the  same  receiver. 

The  basic  fundamentals  for  calculating  the  loss 
are  shown  in  Fig.  2.  Assuming  a  non  perfectly 
symmetric  receiver,  the  coupling  efficiencies  for 
light  propagating  from  the  right  and  from  the 
left  are  defined  as  CEX  (dB)  and  CE2  (dB) ,  Let  Px 
(dBm)  and  P2<dBm)  be  the  launched  power  from  the 
left  and  right  transmitter  respectively,  the 
receiver  measures 

Pu  (dBm)  -  Px  (dBm)  -  CEX  (dB)  (1) 
from  the  left  and 


Power  in  dBml 


PL2  (dBm)  -  P2  (dBm)  -  as  (dB)  -  CE2  (dB)  (2) 

from  the  right.  Here  as  denotes  the  loss  of  the 
sample  under  measurement  in  dB.  Using  the  same 
receiver  on  the  opposite  side  of  the  sample 
yields 

PR1  (dBm)  -  Px  (dBm)  -  as  (dB)  -  CEX  (dB)  (3) 
and 

PR2  (dBm)  -  P2  (dBm)  -  CE2  (dB)  (4) . 

Hence  it  follows 

as  (dB)  -  0.5  [Pu  (dBm)  -  PL2  (dBm)  +  PR2  (dBm) 

-  PR1  (dBm)]  (5). 


jPRi F p2-°^|  |pri~  Pt-ceT?, 


Power  in  dBm 


Fig.  2:  Measurement  of  the  power  ratio  at  the  left  and  at  the  right  side  of  the  object, 
respectively 
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As  can  be  concluded  the  independence  of  the 
coupling  efficiencies  is  obtained  by  a  highly 
accurate  measurement  of  the  power  ratio  instead 
of  an  uncertain  singular  power  measurement.  With 
the  power  ratios  from  both  sides,  the  measured 
attenuation  is  obtained  directly  in  a  unique 
manner  without  any  additional  assumptions. 

Results 

With  the  new  test  set  various  measurements  were 
carried  out  for  fusion  and  mechanical  splices, 
fibers,  and  several  passive  optical  components. 
Strictly  single  mode  measurements  are  obtained 
using  1.3  um  LEDs.  To  verify  the  independence  of 
the  coupling  efficiencies  a  splice  between  a  dark 
coloured  dispersion- shifted  and  an  uncoloured 
non-shlfted  fiber  was  made.  Fig.  3  shows  the 
frequency  distribution  of  the  measured  splice 
loss.  For  50  measurements  an  average  splice  loss 
of  0.28  dB  and  a  standard  deviation  below  0.02  dB 
was  obtained.  The  results  are  in  excellent 
agreement  with  the  two-way  OTDR-measurement. 
Within  0.01  dB  no  systematic  error  was  evident. 

To  demonstrate  the  variety  of  applications  the 
attenuation  of  optical  fibers  and  the  insertion 


loss  of  optical  couplers  were  measured.  The 
accuracy  was  always  found  to  be  the  same  as 
Indicated  in  Fig,  3.  Further  results  will  be 
shown  during  the  presentation. 

Conclusions 

A  nondestructive  attenuation  measurement  method 
for  applications  where  no  access  to  fiber  end 
face  is  available  has  been  described  and  verified 
experimentally.  The  bidirectional  receiving  and 
transmitting  technique  provides  complete 
independence  of  the  coupling  conditions.  No 
systematic  errors  could  be  found.  The  results  are 
always  in  excellent  agreement  with  OTDR  and  Cut- 
Back  measurement  results. 

The  equipment  can  be  used  in  a  variety  of 
applications.  Nevertheless,  first  of  all  it  is 
ideally  suited  to  measure  both  splice  loss  in  the 
field  after  the  splice  is  done,  as  well  as 
splitting  ratios  of  couplers  installed  in  a 
system.  However,  the  instrument  is  also  designed 
to  provide  attenuation  measurements  in  production 
and  lab  environments. 
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The  Evolution  and  Testing  Methods 
for  Flame  Retardancy,  Smoke  Generation 
and  Toxicity  as  it  Relates  to 
International  Cabling  Systems 


I.  INTRODUCTION 

Public  concern  for  overall  fire 
safety  in  offices,  high-rise  hotels 
and  commercial/industrial  buildings 
has  increased  markedly  due  to  highly 
publicized  fires.  In  many  cases, 
these  fires  have  cast  public  scrutiny 
toward  the  wiring  systems  which 
allegedly  have  been  the  cause  of  the 
fires,  and/or  the  propagation  of  fire 
between  floors  and  horizontally  across 
offices. 

Inherently,  today's  office 
building  will  have  a  network  of 
vertical  and  horizontal  shafts  and 
plenum  areas  which  act  as  a  medium  for 
flame  propagation  from  floor  to  floor 
and  department  to  department.  In 
conjunction  with  this  concern,  wire 
and  cable  usage  and  footage  installed 
in  buildings  have  dramatically 
increased  with  the  advent  of 
computerization.  A  wide  range  of 
twisted  pair,  coaxial,  power  and  fiber 
optic  cables  are  installed  for  a 
myriad  of  uses  from  computer  terminals 
to  telephones,  from  lighting  to 
emergency  alarms.  These  systems 
crisscross  today's  commercial  office 
buildings  and  frequently,  as  new 
systems  are  put  in,  the  older  cables 
are  often  left  in  the  ceiling  and 
walls.  Correspondingly,  the  potential 
fire  hazard  associated  with  cabling 
systems  requires  scrutiny. 

II.  THE  EVOLUTION  OF  FIRE 

RETARDANT  CABLING  STANDARDS 


In  1975,  the  National  Fire 
Protection  Association  recognized  a 
potential  fire  hazard  in  the  plenum 
chambers  of  buildings  and  adopted,  via 
the  National  Electrical  Code,  a 
standard  for  fire  retardant  and  smoke 
suppressed  wire  and  cable  products. 
Since  1975,  a  hierarchy  of  flame 
retardancy  has  been  incorporated  in 

the  National  Electrical  Code.  These 
standards  focused  on  the  issues  of 
flame  spread  and  smoke  generation 
based  upon  the  premise  that  materials 
used  on  cables  should  be  inherently 
flame  retardant  and  should  not 
propagate  or  foster  the  spread  of  fire 
within  a  building. 

Historically  the  selection  of 
cables  for  buildings  have  involved  two 
fundamental  criteria: 

1.  Mechanical  Properties 

ie.  Tensile  strength, 

Flex  Modulus,  etc. 

2.  Electrical  Properties 

ie.  Volts/mil., 

Dielectric  Constant,  etc. 

The  advent  of  the  aforementioned 
standards  brought  the  issue  of  flame 
propagation  and  in  the  case  of  the 
U.L.  910  plenum  test  smoke  generation 
to  the  forefront  and  placed  a  third 
criteria  in  the  lap  of  the  cable 
design  engineer. 

As  we  are  all  aware,  materials 
selection  is  a  series  of  trade-offs 
and  every  commonly  used  material  has  a 
unique  combination  of  desirable 
characteristics  and  practical 
limitations.  For  example, 
polyethylene  met  these  mechanical  and 
electrical  criteria  very  well  in  most 
wire  and  cable  applications  but  its 
poor  performance  with  respect  to 
ignitability  and  flame  propagation 
have  fostered  the  use  of  more  flame 
retardant  materials  such  as 
polyvinylchloride  and  fluoropolymers. 
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During  the  1980's,  the  U.S. 
continued  to  focus  on  the  enforcement 
of  the  National  Electrical  Code 
specifications  for  flame  retardant  and 
smoke  suppressed  cabling  materials. 

The  test  for  flame  retardancy  from 
most  severe  to  least  severe  are  as 
follows: 

*  U.L.  910  Steiner  Tunnel  Test/CSA 
FT-6;  Horizontal  flame  spread  and 
smoke  density  measured 

*  U.L.  1666  Riser  Test; 

Vertical  flame  spread 

*  U.L.  1581  Test/CSA  FT-4 
Vertical  tray 

*  VW-1  Bunson  Burner  Flame  Test 
Applied  to  single  vertical  wire 

Recently  the  Canadian  Standards 
Association  adopted  relatively  similar 
standards  with  CSA  FT-4  (similar  to 
U.L.  1581)  and  FT-6  (same  as  U.L.  910). 


America  toward  optimizing  the  flame 
retardant  characteristics  of  cables 
has  not  been  the  case  in  Europe.  The 
Europeans  have  been  focusing  on  "zero 
halogen"  cabling  systems  and  are 
fostering  this  trend  in  their 
specifications.  In  brief,  their  cable 
specifications  place  less  stringent 
standards  on  the  ignitability  and 
propagation  of  flame  to  attain  the 
objective  of  zero  halogen  or  "LSHF" 
Limited  Smoke/Halogen  Free. 

From  a  global  sense,  we  must 
determine  what  is  in  the  best  public 
interest  and  the  criteria  by  which 
halogen  free  cables  are  judged  safer. 

Certainly,  as  we  move  toward 
harmonization  of  standards  and  cabling 
systems  in  a  world  market,  a  set  of 
criteria  must  be  developed  that 
assesses  fire  hazards  for  the  civilian 
public. 

IV.  PEVELOPING__STANPARDS  FOR  A  TOTAL 
FIRE  HAZARD  ASSESSMENT 


III.  THE  INTERNATIONAL  DEBATE.  ■  . 
HALOGEN-MATERIALS  VERSUS 
NON-HALOGEN  MATERIALS 

The  use  of  halogen  containing 
materials;  polyvinyl  chloride, 
fluorocarbons,  or  polyolefins 
compounded  with  chlorine  or  bromine 
are  the  predominate  cable  materials 
used  based  upon  their  inherent  flame 
retardancy  and  efficiency  in  meeting 
the  flame  and  smoke  requirements  as 
developed  by  the  National  Fire 
Protection  Association  and 
Underwriters  Laboratories. 


The  conclusion  reached  by  the 
Committee  on  Fire  Toxicology3-3  in 
their  paper  "Fire  &  Smoke  - 
Understanding  the  Hazards"  points  us 
toward  a  total  fire  hazard  approach  to 
materials  selection.  Some  conclusions 
from  the  text  include; 

"Carbon  monoxide  is  well  accepted 
as  a  factor  in  50%  to  80%  of  all  fire 
fatalities" 

“Other  compounds  such  as  hydrogen 
cyanide  and  its  contribution  to  toxic 
hazard  is  uncertain." 


Materials  Selection 
And  Flame 
Retardancy 


FLAME  RETARDANCE 
REQUIRED 

NO  | 

L 

YES 

RUBBERS 


] 


FRAOOHIVE 


-C 


HALOGEN  POLYMER 
•PYC 

•FLUOROPOLYMERS 

•CHLORINATED 

RUBBERS 


NON  HALOGEN 
POLYMER 


NON  HALOGEN 


BETAl 

HYDRATE 


PHOSPHATE 
A  OTHERS 


|  BROMINE  |  |  CHLORINE  | 


iMiLOH);!  joriji] 


This  chart  provides  a  guide  to 
generic  materials  selection  based  on 
flame  retardancy. 


Finally,  "Fire  hazard  assessment 
to  estimate  the  ability  to  escape  a 
given  fire  is  currently  the  best 
approach  to  measuring  the  fire  hazard 
associated  with  materials." 

These  conclusions  point  squarely 
toward  the  development  of  material 
standards  which  have  a  total  fire 
hazard  assessment  approach  and  that  is: 

•  Flame  Spread 

Ignitability  &  Propagation 

•  Visible  Smoke  Density  & 

Generation 

•  Toxic  Potency 


From  a  more  global  sense,  the 
harmonization  of  specifications  for 
North  America  are  distinctly  different 
standards  in  contrast  to  the  evolving 
European  standard  cables  used  in 
office  buildings.  The  trend  in  North 


It  is  noteworthy  that  toxic 
potency  is  an  issue  associated  with 
office  buildings,  public  facilities 
(auditoriums)  and  industrial  plants. 
The  issue  of  corrositivity  and  its 
measurement  relates  more  to  the 
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survivability  of  electronic  equipment 
such  as  in  military  installations, 
naval  ships  and  equipment. 

In  this  context,  an  overall 
material  selection  criteria  can  be 
developed  based  on  reviewing  the 
currently  accepted  test  methods  for 
flame,  smoke,  toxicity  and 
corrositivity . 

V.  FLAME  RETA.R  DANCY  -  IGNITABILITY 
&  PROPAGATION 

Assessing  global  standards  for  a 
total  fire  hazard  assessment,  the 
predominant  and  accepted  test  methods 
for  North  America  (U.S. /Canada)  and 
Europe  are  noted  as  follows: 

Fire  Hazard  Test  Methods 


Fin  Hazard 

CRITERIA  WORTH  AMERICA _ EUROPE 


Ignitabiiity 

Oxygen  Index 
(ASTM  D-2863) 

IEC  332-3 

Appendix  A 

Propagation 

Vertical  Tray 

UL 1581 

IEC  332-3 

Smoke 

NBS  Chamber 
(ASTM  E-662) 

3  Meter  Cube 
(IEC  20(CO)178) 

Toxicity 

New  York  State 
(Univ.  of  Pittsburg) 

ISO  Guide  TR  9122 

Corrosivity 

ASTM  Copper 

Mirror  Test 

IEC  754-1 

In  the  case  of  the  North  American 
market,  a  hierarchy  exists  for  cables 
beyond  "General  Purpose"  with  the 
riser  and  plenum  cable  tests  being  far 
more  severe. 


Wire  And  Cable  Flame 
Propogation  Tests 


CABLE 

APPLICATION 

QUALIFICATION 

TEST 

FUME 

ENERGY 

Plenum 

UL  910  (Steiner) 
CSAFT-6 

300,000  BTU/Hr 

Riser 

UL 1666 

527,000  BTU/Hr 

General 

UL1581 

70,000  BTU/Hr 

Purpose 

Vertical  Tray 

IEEE  383 

CSAFT-4 

IEC  332-3 

The  general  purpose  test  could  be 
viewed  as  a  test  method,  that  with 
minor  differences,  would  have  a 
general  global  acceptance. 

Global  Differences  In 
General  Purpose  Flame  Test  Method 


IEEE  383 

PARAMETER _ (UL1581)  FT-4  IEC  332-3 


Burner  Angle 
From  Horizontal 

0° 

20° 

o 

o 

Cable  Spacing 

1/2  Cable 
Diameter 

1/2  Cable 
Diameter 

Based  on 
Volume 

Enclosure 

Size 

Not 

Specified 

Not 

Specified 

1x2x4 

Meter 

Propagation 

2.4  m 

96* 

1.5  m 

59* 

2.5  m 

98' 

Smoke 
Generation 
(UL  Proposal) 

<  .1  Peak 
Meters 
Squared 

Per  Second 

<  25  Meters 
Squared 
Over 

20  Minute 
Test 

None 

None 

VI.  SMOKE  GENERATION 

Smoke,  the  visible  bi-product  of 
fire,  can  obscure  the  exit  path  as 
well  as  disorient  people  in  a  fire. 
There  are  several  test  methodologies 
for  smoke  measurement  which  include 
the  frequently  referenced  ASTM 
662/NFPA  258  and  BS  6401  or  NBS  Smoke 
Density  Chamber  Test. 
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Internationally,  the  IEC  20(CO)178, 
often  referred  to  as  the  London 
underground  or  three  meter  cube  test, 
is  similar  to  that  of  the  NBS  test. 
There  are  several  other  available  test 
methods  which  aid  in  the  development 
of  our  fire  hazard  assessment.  These 
test  methods  will  help  provide  a 
relative  comparison  of  materials  used 
for  wire  and  cable. 

In  the  U.S.,  the  National 
Electrical  Code  has  included  a 
provision  for  Limited  Smoke  or  "LS" 
cables.  Currently,  Underwriters 
Laboratory  is  working  on  a  test  method 
and  standard; 

the  proposed  U.L.  1685  standard  fire 
test  for  Limited  Smoke  cable  will  set 
smoke  standards  for  cables  burned  in 
the  General  Purpose  U.L.  1581  test. 
This  is  a  definitive  step  toward  a 
broader  view  in  assessing  the  fire 
hazard. 

It  should  be  noted  that  these  test 
methodologies  along  with  the  U.L.  1685 
proposal  provide  definitive  results  in 
assessing  a  materials'  smoke 
characteristics.  Historically,  the 
combustion  of  PVC  created  a  dense  and 
dark  smoke.  Based  on  the  evolving 
plenum  standards  and  the  prospects  of 
smoke  standards  for  general  purpose 
and  riser  cable,  a  new  generation  of 
reduced  smoke  compounds  from  flexible 
PVC  producers  is  now  available. 

Smoke  Properties  Of  PVC  Samples 
Tested  By  ASTM  E662 
NBS  Smoke  Chamber 


PVC  MATERIAL  TYPE 

FLAMING 

(Dmc) 

SMOLDERING 

(Dmc) 

General  Purpose 

Jacket  Grade  Type  CM,  CL-2 

740 

280 

Reduced  Smoke  Grade 

General  Purpose 

Jacket  Grade  Type  CM,  CL-2 

280 

A  =164% 

170 

A  =  53% 

Riser  Cable  Jacket  Grade 

Type  CMR,  CL-2R 

670 

240 

Reduced  Smoke  Grade 

Riser  Cable 

Jacket  Grade  Type  CMR,  CL-2R 

200 

A  =235% 

190 

A  =  26% 

Plenum  Grade 

Smokeguard  Jacket  Type 

CMP,  CL-2P 

<200 

<170 

The  test  data  was  performed  by  an 
independent  laboratory  for  Gary  Chemical  Corp. 


VII.  TOXICITY 

Toxicity  is  usually  measured  by 
lethality  on  test  animals.  It  is  a 
quantitative  measurement  usually 
expressed  as  an  LC-50  value  -  or  the 
lethal  concentration  for  a  50\  animal 
mortality.  Unlike  corrosivity 
measurements  in  a  fire  hazard 
assessment,  it  provides  a  comparison 
of  materials  as  they  could  effect  the 
survivability  of  humans  in  a  fire 
situation.  The  variety  of  materials 
used  by  the  wire  and  cable  industry  to 
meet  the  needs  of  the  evolving 
standards  discussed  above,  if  exposed 
to  a  fire,  would  create  some 
combination  of  toxic  gases. 

For  the  last  two  decades,  many 
toxic  potency  test  methods  have  been 
developed.  The  most  predominant  are 
noted  in  references  14  through  17. 

The  debate  over  test  methods  for  the 
ranking  of  materials  and  the  actual 
fire  scenario  will  most  likely 
continue  for  decades. 

Nevertheless,  the  University  of 
Pittsburgh  protocol,  adopted  by  the 
State  of  New  York  for  its  uniform  fire 
prevention  and  building  code.  Article 
15,  Part  1120,  created  a  data  bank 
unlike  any  other  previous  studies  on 
the  toxic  potency  of  materials  used  in 
wire  and  cable.2 

Toxicity  Test  Results* 

Major  Materials  Categories 

Single  Material  Type 


Material  Class  LCa,  Grams 

Fluoropolymers  8.9 

Polyolefin  9.9 

PVC  17.6 

Hydrocarbon  Rubber  18.4 

Chlorinated  Rubber  22.7 


University  of  Pittsburg  Test  Protocol 

There  continues  to  be  much  debate 
about  the  test  but  it  demonstrates 
that  extremely  toxic  materials  (LC  50 
less  than  one  gram)  are  rare  and  the 
dominant  generic  materials  used  in 
wire  and  cable  fell  in  a  range  of  8.9 
to  22.7  grams.  In  addition,  the 
chlorinated  materials  faired  better 
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than  the  non  -halogenated  polyolefins 
and  the  fluort-urbons. 

Integration  of  this  data  base  of 
wire  and  cable  materials,  with  that 
used  in  office  building  and  industrial 
plants,  would  enable  a  better 
assessment  of  materials  selection  in 
an  overall  fire  hazard  assessment. 

The  harmonization  of  toxicity  test 
methods  will  be  more  controversial  in 
the  development  of  a  global  standard. 
Most  European  standards  focus  solely 
on  halogen  content  using  the  IEC  754-1 
requirement  of  0%  HCL  halogen  content 
and  no  bioassay  testing. 
Correspondingly,  the  European  test 
methods  measure  the  %  of  acid  gases, 
pH  levels  or  changes  in  conductivity 
of  a  solution. 

Relative  to  the  central  theme  of 
this  paper,  it  has  been  a  dominant 
trend  in  Europe  to  standardize  toward 
zero  halogen  materials.  Some  of  this 
effort  is  attributed  to  a  London 
subway  fire  which  occured  in  the 
1970's.  The  British  Naval  Engineering 
Standard  713  was  a  follow-on  to  this 
idea,  spurred  by  the  shipboard  fires 
which  occurred  during  the  Falklands 
Islands  war  with  Argentina  in  1982. 

The  British  and  European  influences 
have  found  their  way  into 
international  standards  organizations, 
including  the  IEC  Publication 
332-2,1°  which  addresses  the  testing 
of  gases  evolved  during  combustion  of 
electrical  cables. 

VIII.  CORROSIVITY 

Corrosivity  is  an  issue  which  is 
beginning  to  receive  more  attention 
from  both  the  suppliers  and  users  of 
international  cables.  Most  of  the 
problem  is  associated  with  that  of  the 
corrosive  nature  of  the  off-gases 
associated  with  equipment  failure 
especially  in  critical  military 
hardware  that  requires  the  ability  to 
survive  during  potential  fires  in 
military  action.  Again,  this  involves 
halogens  such  as  chlorine,  bromine  and 
fluorine,  which  have  been  shown  to  be 
corrosive,  not  only  to  metal  surfaces, 
but  also  to  human  tissue.  Many  tests 
exist  which  can  help  determine  and 
rank  the  corrosivity  of  these  same 
off-gases;  one  of  which  includes  the 
"copper  mirror  test"  listed  in  ASTM  B 
284.  This  test  involves  the  corrosion 
of  a  thin  copper  film  which  has  been 
vacuum  sputtered  onto  a  flat  glass 
surface.  The  rate  of  removal  of  the 
copper  from  this  surface  is  based  on 
the  corrosive  nature  of  the  gases  to 
which  the  surface  is  exposed. 


Correlation  of  this  type  of 
corrosivity  with  that  of  human  tissue, 
however,  is  still  in  its  infancy. 


IX.  Z.ER a  HALOGEN-VERSUS  AN  OVERALL 
FIRE  HAZARD  ASSESSMENT 

Einhorn'^  points  out  that  various 
products  are  evolved  during  combustion 
of  plastics,  and  suggests  that  the 
research  of  the  toxicological  aspects 
of  pyrolysis  and  combustion  during 
fire  exposure  has  lagged  so  far  behind 
other  aspects  concerning  flammability 
characteristics  of  materials  that  a 
fair  assessment  of  the  toxic  hazard 
cannot  be  adequately  described. 
Unfortunately,  this  is  still  as  valid 
a  summation  of  the  evaluation  of  toxic 
potency  for  cabling  materials  today, 
as  it  was  in  1975. 

In  the  past  15  years,  however 
political  and  legal  actions  in  the 
U.S.,  Great  Britain,  Canada  and 
throughout  the  European  continent  to 
alleviate  the  public’s  fear  of  burning 
plastics  have  become  more  dominant 
than  the  research  efforts  to  determine 
the  perceived  risks. 

This  emotionalism,  which  drives 
specifications  to  solely  assess 
halogen  content  may  obscure  the 
benefits  of  chlorine  or  bromine  as  it 
relates  to  a  total  fire  hazard 
assessment  for  cables. 

"Zero  halogen"  may  be  less  of  a 
solution  than  that  of  lowering  halogen 
content  to  gain  the  optimal  insulation 
or  jacketing  materials  for  electrical, 
mechanical,  or  fire  hazard  assessment 
parameters. 

Continued  emotionalism  on  the 
issue  of  toxicity  and  halogen  content 
will  cause  further  confusion  and  force 
the  cable  installer,  architect, 
contractor,  and  distributor  to  be  used 
as  a  pawn  in  the  hands  of  material 
suppliers. 

In  the  near  term,  some  guidelines 
for  the  building  architect  and 
contractor  are  needed  which  utilize 
the  most  accepted  test  methodologies 
for  fire  hazard  assessment  and  place 
them  in  a  framework  to  quantitatively 
evaluate  cabling  systems.  A  formal 
fire  hazard  analysis  is  one  that 
integrates  all  factors;  ignitability, 
propagation,  smoke,  toxicity  and 
corrositiv; ty.  The  better  product  is 
the  one  that  has  the  lower  level  fire 
hazard  quotient. 
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The  proposed  fire  hazard 
assessment  quotient  is  a  compilation 
of  these  five  characteristics  with 
Level  1  assigned  to  a  cable  having 
exceptional  performance  and  Level  2 
for  that  exhibiting  minimum  acceptable 
performance.  In  this  framework,  a 
cable  must  meet  at  least  the  minimum 
acceptable  standards  in  each  category 
to  qualify  as  a  low  fire  hazard  cable, 
"LFHC".  The  "low  net"  or  “low  fire 
hazard  cable"  "LFHC"  would  be  the 
summation  of  these  performance  levels 
divided  by  five.  The  lowest  net  cable 
being  1  or  Level  1  and  the  minimum 
acceptable  performance  2  or  Level  2. 

X.  SUMMARY  AND  RECOMMENDATIONS 

It  is  clear  that  international 
cabling  systoi.i  standards  have  evolved 
considerably  during  the  last  15  years 
and  continue  to  progress  at  a  faster 
rate  with  the  beginning  of  the  new 
European  Economic  Community  in  1992  as 
a  partial  reason  for  this 
acceleration.  It  is  also  clear  that 
for  at  least  the  communications 
cabling  market,  current  plenum  U.S. 
and  zero  halogen  European  requirements 
are  incompatible. 

An  important  consideration  is  to 
reduce  the  number  of  types  of  cables 
which  must  be  manufactured  for  global 
marketing  corporations.  Optimally,  a 
cable  that  met  the  plenum  U.L.  910 
test  and  was  zero  or  low  in  halogen 
content  would  be  the  best  cable  in 
this  overall  fire  hazard  assessment 
quotient  and  would  be  desired  by  cable 
engineers,  building  architects  and 
cable  installers  worldwide.  These 
cable  developments,  which  incorporate 
good  mechanical  and  electrical 
properties  as  well  as  achieving  a 
better  fire  hazard  assessment,  are 
evolving.  For  example,  Ontario  Hydro 
specification  L-891SM-77  includes  a 
low  halogen  specification  optimizing 
cable  properties  along  with  lowering 
halogen  content  by  measuring  acid  gas 
concentration  14%) .  Cables  such  as 
this  low  halogen  cable  are  a  positive 
step  toward  meeting  a  better  overall 
fire  hazard  assessment  wita  organic 
compounds . 

This  author  believes  that  to 
achieve  cost  efficient  cables  with 
essentially  no  perceived  fire  hazards 
plus  good  electrical  and  mechanical 
properties,  the  cabling  industry  must 
use  a  radically  different  approach  in 
the  selection  of  materials  and 
processes. 

In  the  longer  range,  organic 
materials  may  give  way  to  inorganic 
polymers  and  materials  the  development 


of  which  has  progressed  tremendously 
since  the  onset  of  the  space  race 
decades  of  the  50' s  and  60' s.  It  is 
believed  that  to  fully  meet  the 
strigent  requirements  covered  in  the 
topics  of  this  paper,  any  organic 
system  will  be  insufficient. 

Inorganic  based  polymers  have  been 
extruded  and  reports  published11. 

The  list  includes  such  exotic  sounding 
names  as  polyphosphazenes  and 
polybenzamidizoles,  -  both  of  which 
are  currently  being  produced  in  this 
country.  In  an  earlier  report12, 
some  other  possible  jacketing 
materials  for  consideration  by  future 
minded  cable  manufacturers  were 
described.  Again,  the 
cost/performance  equation  will  balance 
this  trend  toward  inorganic  polymers, 
but  for  the  short  term  the  truly 
international  cable  manufacturer  must 
consider  all  of  the  issues  to  optimize 
cable  design  in  the  framework  of  an 
overall  fire  hazard  assessment. 
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FLAMMABILITY  TESTING  OF  NEW  VINYL  COMPOUNDS  WITH  LOW 
FLAMMABILITY  AND  LOW  SMOKE  RELEASE  IN  CABLES 


A.W.  Coaker,  M.M.  Hirschler,  S.  Shakir,  C.L.  Shoemaker 


The  B.F.  Goodrich  Co.,  Technical  Center,  P.O.  Box  122,  Avon  Lake,  Ohio  44012 


ABSTRACT 

A  set  of  new  vinyl  compounds  was  prepared  anticipat¬ 
ing  the  publication  of  new  requirements  for  limited 
smoke  (.../IS)  cables,  to  provide  formulation  guide¬ 
lines.  Commercial  cables  were  used  as  controls  and 
bulletinized  compounds  were  made  into  TW  and 
THHN  tray  cables.  A  new  facility  built  by 
BFGoodrich  to  determine  full  scale  fire  performance 
of  cables  in  vertical  tray  tests  (on  CSA  FT-4)  and  the 
cone  RHR  test  apparatus  were  used  on  16  cables. 
The  CSA  FT-4  test  was  used  also  for  measuring 
continuously  heat  release,  smoke  release  and  mass  loss. 
Some  cables  had  previously  been  tested  at  UL. 
Results  in  the  two  facilities  showed  excellent  agreement 
for  clear  passes  and  clear  failures.  However,  a  cable 
rated  borderline  pass  at  UL  failed  in  the  BFGoodrich 
facility.  Data  from  the  cone  correlated  so  well  with 
cable  tray  results  that  the  latter  could  be  predicted 
from  the  former  with  reasonable  accuracy.  The  final 
conclusion  was  that  cables  made  with  bulletinized  vinyl 
compounds  or  with  the  other  materials  tested  emitted 
higher  levels  of  heat  and  smoke  than  cables  made  with 
the  new  experimental  compounds. 

INTRODUCTION 

The  flammability  of  cables  is  often  measured  in  full 
scale  vertical  cable  tray  fire  tests.  These  tests  give  an 
indication  of  real  fire  performance  of  cables,  in  speci¬ 
fied  scenarios. 

It  has  been  well  established  now  that  rate  of  heat 
release  is  the  most  important  fire  property,  because  it 
is  a  measure  of  the  fire  intensity  [1,2].  Furthermore, 
it  has  been  established  that  fire  test  results  from  the 
cone  calorimeter  rate  of  heat  release  instrument  run 
over  a  suitable  range  of  incident  heat  flux  correlate 
well  with  those  from  full  scale  fire  tests  [3-5]. 

Most  standard  cable  tray  tests,  including  the  one  used 
in  this  work,  tend  to  measure  only  the  extent  of  flame 
spread  due  to  the  cables  themselves,  plus  the  length  of 
charring  of  the  cables.  If  cable  tray  fire  tests  are  run, 
other  fire  properties  can  also  be  measured,  of  greater 
interest  for  fire  hazard  assessment  [6-11].  The  addi¬ 
tional  properties  measured  here  are  heat  and  srnoke 
release. 


A  number  of  vertical  cable  tray  tests  had  been  run  at 
a  contract  laboratory  (Underwriters’  Laboratories)  in 
1989,  using  three  test  protocols:  CSA  FT-4,  UL  1581 
and  ICEA  529-T20.  All  the  same  cables  had  also  been 
tested  in  the  cone  calorimeter  [12], 

A  program  of  work  was  thus  designed  with  four 
objectives: 

(a)  Build  a  new  facility  to  run  vertical  cable  tray 
fire  tests. 

(b)  Investigate  the  full  scale  fire  performance  of 
some  advanced  vinyl  compounds,  when  made 
into  real  cables,  and  compare  them  with  that  of 
traditional  vinyl  materials. 

(c)  Compare  the  results  with  several  of  the  same 
cables  previous  results  obtained  using  nominally 
the  same  test  in  a  different  facility. 

(d)  Test  the  same  cables  in  the  cone  calorimeter. 

EXPERIMENTAL 

Procedures 

The  test  methods  used  were: 

Small  scale:  Cone  calorimeter  rate  of  heat  release 
instrument  (exposed  area:  ca.  0.01  m2)  [13]. 

Measurements  made:  The  parameters  reported  from 
the  cone  calorimeter  tests  are:  peak  rate  of  heat 
release  (Pk  RHR,  in  kW/m2),  the  time  to  sustained 
combustion,  or  time  to  ignition  (  i'll,  in  s),  the  total 
heat  released  (THR,  in  MJ/m2),  the  smoke  factor 
(SmkFct,  in  MW/m2),  the  peak  rate  of  smoke  release 
(Pk  RSR,  in  1/s),  the  total  smoke  released  (TSR,  non- 
dimensional),  the  mass  loss  rate  parameter  (MLRP,  in 
g/m2s2)  and  the  ratio  of  time  to  ignition  to  peak  rate 
of  heat  release  (TTI/Pk  RHR,  in  s  m2/kW).  Some  of 
t.iese  variables  may  not  be  generally  known  and  they 
will,  thus,  all  be  explained  briefly. 

Rate  of  Heat  Release:  The  rate  of  heat  release 
(RHR)  is  a  measure  of  the  instantaneous  amount  of 
heat  being  released  per  nominal  sample  surface  area. 
For  each  experiment,  the  maximum  RHR  value  is  the 
most  significant  one  and  is  recorded  here.  The  RHR 
values  are  calculated  from  the  differences  between  the 
values  of  oxygen  concentration  measured  and  the 
background  oxygen  in  the  atmosphere. 
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Total  Heat  Released:  The  total  heat  released  in  each 
experiment  (THR)  per  unit  nominal  sample  surface 
area  is  determined  by  integrating  the  RHR  data  as  a 
function  of  time. 

Smoke  Factor:  The  smoke  factor  is  a  smoke/fire 
hazard  variable  used  to  estimate  the  potential  amount 
of  smoke  that  a  product  would  generate  under  full 
scale  fire  conditions.  It  is  a  realistic  approach  for  such 
an  estimate  which  takes  into  account  both  the  potential 
for  smoke  obscuration  for  full  sample  destruction  and 
the  potential  to  cause  other  products  to  burn  and 
release  smoke  in  a  real  fire.  It  does  so  by  incorporat¬ 
ing  the  burning  rate  (as  the  peak  rate  of  heat 
release)[14,15].  This  takes  into  account  the  fact  that 
those  products  made  from  materials  with  low  peak 
RHR  will  not  readily  burn  up  totally  in  a  fire,  and  will 
tend  to  cause  less  smoke  to  be  generated  from  the 
ignition  of  other  products.  It  is  calculated  as  the 
product  of  the  ignition  of  other  products.  It  is  calcu¬ 
lated  as  the  product  of  the  total  smoke  released  and 
the  peak  rate  of  heat  release.  The  single  value 
presented  here  is  that  at  5  minutes.  The  total  smoke 
released  is  calculated  as  the  time  integral  of  the  rate 
of  smoke  release. 

Time  to  Ignition:  The  time  to  ignition  is  the  time, 
expressed  in  s,  until  the  entire  surface  of  the  sample 
burns  with  a  sustained  luminous  flame. 

Mass  loss  rate  parameter:  The  MLRP  [9,16]  is  the 
ratio  of  (a)  the  average  mass  loss  rate  between  the 
times  when  the  sample  loses  10  and  90%  of  the  total 
mass  lost  during  the  test  and  (b)  the  time  to  ignition. 
It  gives  an  indication  of  the  amount  of  "smoke"  gener¬ 
ated  in  a  given  amount  of  time  and,  thus,  of  the  toxic 
hazard. 

Time  to  ignition/Peak  Rate  of  Heat  Release:  This 
parameter  is  proportional  to  the  time  to  flashover,  i.e. 
it  may  be  the  best  individual  indicator  of  overall  fire 
hazard  [17,19]. 

Full  Scale  [20.21]:  CSA  FT-4  cable  tray  test  (70,000 
BTU/h:  20.50  kW)  [22] 

In  the  full  scale  tests,  measurements  taken  included: 
flame  height  (in  cm),  heat  release  (by  oxygen  consump¬ 
tion  [23,24]),  smoke  release  (determined  with  a  laser 
in  the  exhaust  duct)  and  mass  loss  (using  a  load  cell). 

Official  failure  criteria  for  cable  tray  tests  are  based  on 
char  length:  if  the  entire  cable  tray  length  (UL  1581) 
or  a  length  over  1.50  m  (CSA  FT-4)  has  charred  the 
cable  fails. 

All  cables  were  tested  in  the  cone  calorimeter  and  the 
vertical  cable  tray. 

Materials 

A  total  of  16  cables  were  used,  including  ten  ex¬ 
perimental  power  cables,  all  based  on  vinyl  compounds, 


four  commercial  cables  and  two  experimental  com¬ 
munications  cables.  There  were  two  types  for  the 
experimental  power  cables:  THHN  and  TW.  The 
THHN  construction  incorporates,  of  course,  a  nylon 
Film,  as  required  by  the  listed  construction  specifica¬ 
tions,  extruded  over  the  vinyl  insulation,  beneath  the 
vinyl  jacket.  These  cables  were  all  made  with  9  #12 
AWG  conductors.  The  experimental  power  cables 
were,  in  general,  made  with  compounds  that  contained 
significant  levels  of  fire  retardants,  the  only  exception 
being  those  compounds  designated  "1"  (II,  1J),  which 
contained  none  or  very  low  levels. 

Dimensional  requirements  for  the  THHN  cables  were 
that  the  vinyl  primary  insulation  be  at  least  0.38  mm 
(0.015")  thick  on  the  average,  and  no  thinner  than  0.33 
mm  (0.013")  at  any  point.  The  extruded  nylon  film 
was  required  to  be  no  thinner  than  0.10  mm  (0.004") 
at  any  point.  The  primary  vinyl  insulation  in  the  TW 
cables  was  required  to  be  at  least  0.76  mm  (0.030") 
thick,  on  the  average,  and  no  thinner  than  0.69  mm 
(0.027")at  any  point  [25].  For  either  cable  construction 
the  overall  outside  vinyl  jacket  was  required  to  be  at 
least  1.52  mm  (0.060")  thick,  on  the  average,  and  no 
thinner  than  1.2  mm  (0.048")  at  any  point  [26]. 


Experimental  Vinvl  Power  Cables: 

II  THHN  TC/1J  THHN  TC 
31  THHN  TC/3J  THHN  TC 
31  THHN  TC/1J  THHN  TC 
31  THHN  TC/4J  THHN  TC 

II  TW  TC/1J  TW  TC 
31  TW  TC/3J  TW  TC 
31  TW  TC/1J  TW  TC 
II  TW  TC/3J  TW  TC 
31  TW  TC/2J  TW  TC 
524  TC/3J  TW  TC 

Other  Cables: 

Commercial: 

Plenum:  Western  Electric  Omaha  NEC-800-3D 

Tray:  XLP/CU  Black  Jacket  14  pr  #6  Super 

Flex 

Other:  Yellow  Ultragard  Type  SOO  90  deg  C 

Super  Trex  14/4, 

Essex  THHN  600  V,  4  AWG,  Single 
conductor 

Experimental  Communications: 

IBM  Type  I 
IBM  Type  II 

RESULTS  AND  DISCUSSION 

The  main  results  of  the  CSA  FT-4  full  scale  vertical 
cable  tray  tests  carried  out  at  Underwriters' 
Laboratories  (UL)  are  shown  in  Tables  1-3.  Tables  4 
and  5  present  the  results  of  the  tests  run  in  the  new 
facility  at  BFGoodrich.  The  majority  of  the  cables 
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Table  1. 


Cable 


II  1J  THHN 


II  1J  TW 


II  1J  TW 


31  2JTW 


31  4J  THHN 


Main  Results  of  UL  cable  Tray  Tests 


Flame  height 
[cm] 


>  250 


175 


150 


50 


100 


Char  length 
[cm] 


265 


133 


132 


60 


79 


Peak  HC1 
[ppm] 


>  2332 


547 


587 


204 


578 


Pass/Fail 


Table  2. 

Further  Results  of  Cable  Tray  Tests 

Cable 

Mass  loss 
tg] 

Mass  comb. 

[g] 

%  Comb,  loss 

E%] 

Pass/Fail 

11  1J  THHN 

3870 

4795 

81 

Fail 

11  1J  TW 

1455 

6415 

23 

Pass 

11  1J  TW 

1350 

6350 

21 

Pass 

31  2JTW 

780 

6775 

12 

Pass 

31  4J  THHN 

960 

6370 

15 

Pass 

Footnote  on  abbreviations:  Mass  comb.:  mass  of  combustible  present; 

%  Comb,  loss:  percentage  of  combustible  mass  lost. 


Table  3. 


Heat  and  Smoke  Results  from  UL  Cable  Tray  Tests 


Cable 

Total  heat  release  [MJ/m2] 

Total  smoke  release  [m2] 

Pk  RHR 
'  [kW/m2] 

PkRSR 

5min 

lOmin 

15min 

20min 

5min 

lOmin 

15min 

20min 

[m2/ s] 

11  1J  THHN 

44.4 

105.8 

117.3 

126.3 

121 

398 

407 

411 

403.2 

1.90 

11  1J  TW 

12.9 

34.7 

45.0 

53.3 

124 

264 

293 

295 

81.8 

0.68 

11  1J  TW 

14.1 

34.6 

46.4 

55.1 

137 

244 

274 

275 

77.1 

0.71 

3I2JTW 

10.1 

21.5 

30.3 

38.9 

100 

170 

180 

183 

42.8 

0.44 

31  4J  THHN 

8.7 

22.1 

33.3 

41.9 

32 

143 

194 

199 

55.1 

0.53 

BLANK 

6.3 

12.8 

19.3 

25.8 

0.6 

1.8 

2.4 

3.8 

24.7 

0.003 

tested  passed  the  cable  tray  tests.  This  includes  cables 
coated  with  standard  fire-retarded  vinyl  compounds  and 
those  coated  with  advanced  compounds. 

Moreover,  it  was  also  interesting  that  the  peak  amount 
of  HC1  released  depended  on  whether  the  cable  passed 
or  failed  the  test,  rather  than  on  the  chlorine  content 
of  the  cable  coating  materials.  The  cables  that  passed 
released  only  relatively  small  amounts  of  HC1,  although 
they  were  all  based  on  vinyl  compounds.  The  average 
peak  amount  of  HC1  released  by  the  cables  passing  the 
CSA  FT-4  tests  was  479  ppm.  On  the  other  hand,  the 
failing  cables  reached  peak  HC1  levels  exceeding  2330 
ppm. 

The  other  standard  results  shown  in  Table  1,  char 


lengths  and  peak  flame  heights,  are  of  limited  impor¬ 
tance  in  yielding  information  of  use  for  fire  hazard 
assessment.  Table  2  has  data  on  mass  of  cables  and 
mass  loss.  This  is  interesting  because  the  fraction  of 
combustible  mass  lost  is  under  50%  for  the  cables  that 
passed  and  over  50%  for  those  that  failed. 

Table  3  shows  some  fundamental  fire  properties: 
information  on  heat  and  smoke  released.  It  is  clear 
from  these  data  that  the  cables  failing  the  test  release 
more  heat  and  more  smoke  than  those  passing  the  test. 
Furthermore,  the  rate  at  which  the  heat  and  smoke  is 
released  is  also  significantly  higher  for  failing  cables. 
Moreover,  the  peak  rate  of  heat  release  also  indicates 
which  cables  passed  the  test  marginally.  This  was  the 
case  with  the  II  1J  TW  cable. 
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Table  4.  Main  Cable  Tray  Test  Results  for  BFGoodrich  Tests 

Pk  RHR 

Time 

Pk  RSR 

Time 

Mass 

Comb. 

Flame 

Pass/ 

Cable 

Loss 

Loss 

Ht.” 

Fail 

[kW] 

[min] 

[m2/s] 

[min] 

[g] 

[%] 

[cm] 

Essex  THHN 

387.9 

4.60 

0.913 

5.2 

2221 

66.79 

275 

Fail 

11  1J  THHN 

383.7 

5.75 

1.602 

6.2 

3743 

75.96 

300 

Fail 

Ultragard  SOO 

370.2 

9.00 

1.547 

6.9 

3942 

62.29 

275 

Fail 

31  1J  THHN 

355.7 

5.60 

1.518 

5.2 

3502 

71.35 

275 

Fail 

11  1JTW 

131.2 

12.90 

0.970 

11.6 

* 

* 

275 

Fail 

11  1J  TW 

129.9 

15.55 

1.050 

4.7 

3615 

56.51 

275 

Fail 

11  1J  TW 

123.5 

10.80 

1.107 

5.0 

3285 

52.63 

300 

Fail 

XLPE  CU 

101.5 

7.95 

1.848 

6.6 

1380 

23.60 

175 

Pass 

XLPE  CU 

92.9 

7.25 

1.729 

6.0 

1773 

30.30 

205 

Pass 

31  1J  TW 

65.5 

7.45 

0.885 

4.6 

985 

15.32 

160 

Pass 

31  4J  THHN 

52.9 

12.75 

0.580 

10.3 

769 

12.52 

110 

Pass 

31  3J  THHN 

48.2 

8.15 

0.545 

6.5 

709 

13.39 

125 

Pass 

11  3J  TW 

46.9 

8.35 

0.501 

7.2 

817 

13.59 

110 

Pass 

31  3J  THHN 

45.8 

7.30 

0.523 

6.9 

651 

12.56 

120 

Pass 

1I3JTW 

44.9 

8.80 

0.477 

6.5 

864 

13.07 

125 

Pass 

3I2JTW 

44.3 

6.70 

0.770 

6.7 

760 

11.19 

105 

Pass 

31  3J  TW 

38.7 

6.90 

0.516 

6.2 

746 

9.62 

100 

Pass 

524  3J  TW 

36.3 

11.80 

0.384 

6.9 

759 

9.78 

85 

Pass 

31  3J  TW 

34.0 

8.00 

0.500 

4.7 

798 

10.85 

105 

Pass 

IBM  TYPE  II 

33.7 

4.35 

0.398 

4.1 

505 

11.90 

85 

Pass  j 

IBM  TYPE  I 

32.1 

5.60 

0.225 

2.8 

342 

10.49 

85 

Pass 

Plenum 

31.0 

1.75 

0.037 

1.8 

340 

10.05 

80 

Pass 

Blank 

20.5 

3.10 

0.012 

12.8 

- 

- 

65 

- 

*  the  load  cell  was  malfunctioning  in  this  test. 
**  measured  from  the  bottom  edge  of  the  tray 


The  earlier  work  also  indicated  that  the  peak  rate  of 
heat  release  measured  in  the  cone  calorimeter  was  a 
significantly  good  indicator  of  pass/fail  criterion. 
Moreover,  there  was  good  correlation  between  the 
peak  RHR  in  the  cone  and  in  the  cable  tray  test 
(Table  6). 

The  ratios  between  the  total  heat  and  total  smoke 
released  and  percent  combustible  mass  lost  by  failing 
and  passing  cables  in  the  test  was: 

Failing/passing 


THR 

4.7 

TSR 

2.8 

%  Mass  Loss 

4.6 

This  indicates  that  there  is,  generally,  a  clear  distinc¬ 
tion,  although  sometimes  there  may  be  borderline 
cases. 


The  smoke  and  the  HC1  results  would  appear  to  give 
an  important  message:  the  amount  of  smoke  or  HC1 
released  in  a  fire  is  heavily  dependent  on  the  severity 
of  the  fire,  or  on  the  fire  performance  of  the  product 
tested.  It  is  worth  restating  thus  once  more  a  fact 
often  misunderstood.  The  level  of  smoke  released  is 
a  primary  function  of  the  amount  of  material  burnt, 
and  depends  only  somewhat  on  the  smoke-producing 
characteristics  of  the  material  or  product  itself.  Thus, 
less  smoke  and  gas  is  released  in  a  full  scale  fire  if  the 
material  burns  less  readily,  and  is  only  partly  con¬ 
sumed. 

The  peak  concentrations  of  carbon  monoxide  and 
carbon  dioxide  were  also  much  higher  for  the  cables 
that  failed  the  tests  than  for  those  that  passed,  reflect¬ 
ing  the  larger  amount  of  material  burnt.  However,  the 
C0/C02  ratios  were  virtually  the  same  for  all  tests: 
high  at  levels  above  0.13.  This  is  of  particular  interest 
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Table  5.  Additional  Cable  Tray  Test  Results  from  the  BFGoodrich  Tests 


Cable 


Essex  THHN 


II  1J  THHN 


Ultragard  SOO 


31  1J  THHN 


II  1J  TW 


II  1J  TW 


II  1J  TW 


XLPE  CU 


XLPE  CU 


31  1J  TW 


31  4J  THHN 


31  3J  THHN 


II  3J  TW 


31  3J  THHN 


1I3JTW 


3I2JTW 


31  3J  TW 


524  3J  TW 


31  3J  TW 


IBM  TYPE  II 


IBM  TYPE  I 


Plenum 


Blank 


Total  heat  release 


5  min  10  min 


[MJ] 


15  min 


61 


85 


110 


98 


50 


49 


52 


25 


23 


16 


12 


9 


9 


8 


10 


5 


Total  smoke  release  [m2 


20  min 

5  min 

10  min 

15  min 

20  min 

61 

86 

160 

165 

168.6 

86 

125 

402 

413 

415.9 

120 

105 

403 

455 

459.5 

125 

176 

396 

413 

435.8 

68 

131 

346 

541 

616.9 

70 

163 

382 

569 

639.2 

80 

150 

379 

549 

609.0 

31 

40 

281 

343 

404.5 

35 

34 

223 

307 

402.4 

17 

150 

277 

283 

287.9 

16 

17 

58 

149 

181.4 

11 

55 

155 

164 

169.3 

10 

56 

158 

185 

195.4 

11 

32 

134 

142 

144.0 

12 

51 

157 

189 

197.4 

8 

114 

219 

227 

237.2 

9 

61 

151 

164 

172.4 

10 

51 

129 

168 

181.5 

8 

58 

144 

158 

167.7 

6 

42 

69 

74 

79.1 

8 

34 

47 

51 

56.2 

5 

4 

6 

8 

10.2 

26 

0.026 

0.039 

0.068 

0.091 

The  THR  data  has  had  the  blank  heat  value  (caused  by  the  burner  itself)  subtracted. 
The  TSR  values  are  as  measured,  because  the  blank  TSR  is  negligible. 


Table  6.  Correlation  Between  the  Cone  Calorimeter  and  the  Cable  Tray  Test 


Property 

Flux 

Corr.  Coeff 
R2/Adj  R2 

THR  @  15 

20 

0.98/0.97 

THR  @  15 

40 

0.43/0.24 

Pk  RHR 

20 

0.91/0.88 

PK  RHR 

40 

0.65/0.53 

Pk  RSR 

20 

0.68/0.57 

.mi 

40 

0.19/0.00 

TSR  @  15 

20 

0.86/0.81 

SmkFct 

20 

0.93/0.91 

TSR  @  15 

40 

0.75/0.67 

SmkFct 

40 

0.71/0.62 

Slope 


0.99  +  0.08 


Intercept 


12.4+  3.3 


0.05  +  0.02 


0.32+0.12 
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in  view  of  the  fact  that  these  were  vety  intense  fires, 
where  low  C0/C02  ratios  might  have  been  expected. 
The  instantaneous  C0/C02  ratios  were  also  of  the 
same  order,  until  the  cables  stopped  burning  and  no 
more  carbon  oxides  were  emitted  from  them. 

Tables  4  and  5,  organized  in  decreasing  peak  RHR 
order,  show  that  the  cables  can  be  subdivided  into 
three  categories: 

(i)  Cables  that  are  clear  failures 

(ii)  Cables  that  are  borderline  in  passing  or 
failing  the  test 

(iii)  Cables  performing  better  than  needed  to 
pass  the  test 

Category  (i)  consists  of  4  cables:  two  commercial  ones 
(Essex  THHN  and  Ultragard  SOO)  and  two  ex¬ 
perimental  (II  1J  THHN  and  31  1J  THHN,  both  with 
a  non  fire  retarded  jacket  and  nylon). 

Category  (ii)  consists  of  two  cables:  one  commercial 
(XLP/CU)  and  one  experimental  (II  1J  TW). 

All  the  category  (i)  and  category  (ii)  cables  are  not 
only  high  in  heat  release  but  also  high  in  smoke 
release. 

Category  (iii)  consists  of  all  other  cables. 

Thus,  it  would  be  useful  to  subdivide  these  category 
(iii)  cables  into  two  or  three  classes  depending  on  the 
amount  and  rate  of  smoke  generated.  This  is  par¬ 
ticularly  important  in  view  of  the  requirement  in  the 
National  Electrical  Code  for  a  category  of  "limited 
smoke,"  as  yet  undefined.  Class  (a)  could  be  used  for 
those  cables  that  have  total  smoke  released  values  of 
over  240  m2  but  under  400  m2  which  separates  typical 
class  (ii)  from  class  (iii)  cables,  and  peak  RSR  values 
of  over  0.85  m2/s.  Class  (b)  could  be  for  those  cables 
with  TSR  between  200  and  240  m2  and  peak  RSR 
between  0.70  and  0.85  m2/s  and  class  (c)  would  be 
those  cables  with  TSR  <  200  m2  and  peak  RSR  < 
0.70  m2/s.  The  choice  of  the  criteria  for  the  top  class 
is  based  on  the  fact  that  tightly  specified  communica¬ 
tions  cables  (which  require  much  better  fire  perfor¬ 
mance  than  power  cables  normally)  seem  to  give  TSR 
values  of  up  to  168  m2  and  peak  RSR  values  of  up  to 
0.40  m2/s. 

Under  these  criteria,  cable  31  1J  TW  is  class  (ii)(a), 
cable  31  2J  TW  is  class  (iii)(b)  and  the  others  are  class 
(iii)(c).  This  indicates  that  a  number  of  the  ex¬ 
perimental  cables  have  good  enough  fire  performance 
that  they  clearly  emit  low  amounts  of  heat  and  of 
smoke. 

Figures  1  and  2  show  indications  of  the  rate  of  heat 
release  and  rate  of  smoke  release,  respectively,  for  an 
example  of  a  cable  from  each  class  in  the  tray  test. 
The  trends  are  clearly  the  same  as  was  observed  in  the 
earlier  series  of  tests:  passing  cables  and  failing  cables 
are  normally  clearly  distinguished. 


Figures  3-6  show  comparisons,  for  the  four  main 
properties  measured,  RHR,  THR,  RSR  and  TSR, 
between  the  tests  carried  out  at  UL  and  at 
BFGoodrich  on  the  same  cables. 

It  is  interesting  to  notice  that  the  results  for  the  tests 
that  were  clear  passes  and  clear  fails  were  very  similar 
for  both  laboratories.  The  only  case  that  showed  a 
distinct  difference  was  that  of  II  1J  TW,  which  is  a 
borderline  product.  This  shows  that  the  new  facility  is 
vety  close  to  reproducing  the  results  of  the  tests  in  the 
established  (UL)  facility. 

The  cable  that  failed  the  test  at  BFGoodrich  and 
passed  at  UL  is  an  example  of  the  inconsistencies  of 
fire  tests,  due  to  very  small  differences  in  test  construc- 


RATE  OF  HEAT  RELEASE  VS.  TIME 


Tim*  (Min) 


Fig.  1.  Rate  of  Heat  Release  vs.  Time:  CSA  FT-4 
Cable  Tray  Tests. 


RATE  OF  SMOKE  RELEASE  VS.  TIME 


CSA  FT4  Tiny  CibK  TtaU 


Fig.  2.  Rate  of  Smoke  kelease  vs.  Time:  CSA  FT-4 
Cable  Tray  Tests. 
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RATE  OF  HEAT  RELEASE  VS.  TIME  RATE  OF  SMOKE  RELEASE  VS.  TIME 


CSA  FT4  Tuy  C*bl*  TmU  CSA  FT4  Tt*y  C*bl«  TmU 


Tim*  (Min)  Tim*  (Min) 


Fig.  3.  Rate  of  Heat  Release  vs.  Time:  Comparison  Fig  5.  Rate  of  Smoke  Released  vs  Time:  Compari- 
between  BFG  and  UL  results.  son  between  BFG  and  UL  Results. 


TOTAL  HEAT  RELEASED  VS.  TIME  TOTAL  SMOKE  RELEASED  VS.  TIME 


CSA  FT4  Tf*y  C*bl*  T*»U  CSA  FT4  Tliy  C*bl*  T»lll 


o  5  10  t5  20  o  5  10  15  20 

Tim.  (Min)  Tlm«  (Min) 


Fig.  4.  Total  Heat  Released  vs.  Time:  Comparison  Fig.  6.  Total  Smoke  Released  vs  Time:  Comparison 
between  BFG  and  UL  Results.  between  BFG  and  UL  results. 


tion.  The  cable  released  slightly  more  heat  at  the 
BFGoodrich  facility,  partially  through  reradiation  from 
the  walls  and  ceilings  and  it,  thus,  continued  burning 
to  the  top  of  the  tray,  while  it  stopped  burning  before 
the  end  at  UL. 

Figures  7-10  show  that  the  old  equations  used  for 
carrying  out  linear  correlations  between  the  cone  and 
the  cable  tray  test  tend  to  give  reasonably  good 
correlations  with  the  new  test  results  too.  The  two 
exceptions  appear  to  be  the  II  1J  TW  and  the 
XLP/CU,  viz.  the  class  (ii)  cables. 

All  the  cables  were  also  tested  in  the  horizontal  mode, 
in  the  cone  calorimeter,  at  20  and  40  kW/m2  incident 
flux  (Table  7).  The  cone  calorimeter  (heat  and 
smoke)  data  are  very  consistent  with  the  cable  tray 


data,  with  the  possible  exception  of  the  data  for  the 
two  class  (ii)  cables.  All  the  class  (i)  cables  give  the 
highest  RHR  and  THR  values  at  20  k\V/m2,  followed 
by  the  class  (ii)  cables.  However,  at  40  kW/m2  one 
of  the  class  (ii)  cables  (XLP/CU)  is  indistinguishable 
from  the  class  (i)  cables  while  the  II  1J  TW  cable  is 
significantly  better,  although  the  latter  failed  one  of  the 
tray  tests  and  the  former  passed! 

In  terms  of  the  most  indicative  fire  index,  TTI/Pk 
RI1R,  several  cables  stand  out  at  40  kW/m2:  the 
communications  cables,  31  3J  THHN,  II  3J  TW,  31  3J 
TW  and  524  3J  TW,  all  of  which  are  (iii)(c)  cables. 

This  suggests,  clearly,  that  the  cone  calorimeter  is 
capable  of  giving  a  good  "a  priori”  indication  of 
whether  a  cable  will  pass  or  fail  the  cable  tray  tests 
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PEAK  RHR  RESULTS  AND  PREDICTIONS  PEAK  RSR:  DATA  AND  PREDICTIONS 


«nd  Old  Prediction*  New  end  Old  Mod*)* 


HUM  JMJH  XLP  JI4JM  1IWW  VUW  ItX/W  1IJJW  ItM-l  1I1JW  1IUW  1I1JH  HUM  XIP  HUM  1IJJW  1I3JW  31 W*  3I3JW  IBM- 1  MUW  1IUW 


Fig.  7.  Peak  RHR  results  and  predictions.  Fig.  9.  Peak  RSR  data  and  predictions. 


THR:  DATA  AND  PREDICTIONS  TSR  RESULTS:  COMPARISON  WITH  PREDICTION 


N«w  .nd  Old  Moddl*  «.w  .nd  Old  Prediction* 


Fig.  8.  THR  data  and  predictions.  Fig.  10.  TSR  results:  Comparison  with  predictions. 


studied  (CSA  FT-4,  UL  1581  or  ICEA  529  T-20).  It 
appears,  for  example,  that  if  the  peak  RHR  is  sig¬ 
nificantly  over  100  kW/m2,  at  an  incident  flux  of  20 
kW/m2,  the  cable  will  fail  a  cable  tray  test.  When  the 
cone  calorimeter  test  is  carried  out  at  higher  incident 
fluxes  the  peak  RHR  cut  off  point  is  higher:  it 
appears  to  be  near  200  kW/m2  at  40  kW/m2. 
However,  borderline  cases,  i.e.  class  (ii)  cables  are  still 
a  problem. 

New  linear  correlations  have  also  been  made,  using  the 
data  obtained  in  the  new  series  of  tests,  and  the 
predicted  cable  tray  results,  also  shown  in  Figures  7- 
10,  are  indicative  of  the  reasonable  degree  of  agree¬ 
ment  found  between  the  two  full  scale  test  facilities. 
This  is  a  very  important  finding,  because  it  has  long 
been  thought  that  exact  replication  of  every  minute 


detail  of  a  full  scale  facility  is  essential  to  be  able  to 
replicate  the  data.  Although  the  facility  used  at 
BFGoodrich  is  very  similar,  in  most  respects,  to  the 
one  at  UL,  it  differs  in  a  few  details.  However,  the 
results  of  the  tests  are  clearly  comparable. 

It  is  of  interest  to  recall  that  the  compounds  used  in 
the  experimental  cables  were  also  tested  in  the  cone 
and  Ohio  State  University  (OSU)  calorimeters  [12]. 
The  jacket  compound  test  results  were  found  to  be 
very  useful  indicators  of  full  scale  cable  tray  test 
results.  Moreover,  cone  and  OSU  test  results  were 
found  to  correlate  well  with  each  other  [12,27],  indicat¬ 
ing  that  both  are  excellent  techniques  for  predicting 
full  scale  fire  performance  of  products,  in  a  manner 
relevant  to  fire  hazard  assessment. 
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Table  7. 


Main  Results  from  the  Cone  Calorimeter  on  Cables 


Essex  THHN 


II  1J  THHN 


Ultragard  SOO 


31  1J  THHN 


II  1J  TW 


XLPE/CU 


31  1J  TW 


31  4J  THHN 


31  3J  THHN 


II  3J  TW 


3I2JTW 


31  3J  TW 


524  3J  TW 


IBM  TYPE  II 


IBM  TYPE  I 


PLENUM 


Pk  RHR 
(kW/m2] 


TSR@15 

Pk  RSR 

MLRP 

TTl/Pk 

RHR 

[1/s] 

[g/(sm)2] 

[s  m2/kW] 

20  kW/m' 


ESSEX  THHN 

318 

64 

32 

11  1J  THHN 

285 

154 

21 

Ultragard  SOO 

283 

134 

36 

31  1J  THHN 

269 

136 

24 

11  1J  TW 

195 

122 

27 

XLPE  CU 

278 

83 

32 

31  1J  TW 

205 

114 

30 

31  4J  THHN 

89 

18 

69 

31  3J  THHN 

158 

54 

41 

11  3J  TW 

156 

37 

44 

3I2JTW 

176 

97 

30 

31  3JTW 

131 

28 

54 

524  3J  TW 

132 

29 

51 

IBM  TYPE  II 

81 

20 

206 

IBM  TYPE  I 

81 

17 

41 

PLENUM 

84 

25 

75 

40  kW/m2 


846 


6.6 

0.1 

23.2 

0.1 

7.2 

0.1 

16.9 

0.1 

10.5 

0.1 

8.4 

0.1 

■mb 

0.1 

fBF— B 

0.8 

7.7 

0.3 

7.0 

0.3 

12.4 

0.2 

10.4 

0.4 

6.9 

0.4 

1.1 

2.5 

3.2 

0.5 

2.0 

0.9 
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CONCLUSIONS 

A  facility  was  built  to  carry  out  full  scale  vertical  cable 
tray  fire  tests.  The  results  of  a  series  of  fire  tests 
carried  out  in  this  facility  look  veiy  similar  to  those 
carried  out  in  an  established  facility.  This  facility  can 
be  used  to  develop  materials  for  /LS  cables. 

Vinyl  wire  and  cable  compounds  have  been  developed 
which  offer  improved  fire  performance  over  that  of 
traditional  materials.  These  materials  have  been  made 
into  cables  which  perform  well  in  small  scale  testing 
and  pass  full  scale  fire  tests  measuring  rate  of  heat 
release.  The  better  materials  give  off  veiy  little  heat 
or  smoke.  These  test  results  will  form  the  basis  for 
the  development  of  new  vinyl  materials  for  use  in  /LS 
cables. 

The  cables  tested  that  did  not  bum  extensively,  in  the 
full  scale  tests,  released  veiy  little  smoke.  The  earlier 
work  on  UL-1581,  CSA  FT-4,  and  ICEA  529-T20  tests 
showed  that  those  cables  which  did  not  burn  beyond 
the  failure  points  released  an  order  of  magnitude  less 
of  combustion  gases,  notably  HC1,  than  the  cables 
which  failed. 

Cone  calorimeter  test  results  on  the  cables  tested  could 
be  correlated  well  with  full  scale  test  results,  both  in 
terms  of  heat  and  smoke  release.  This  was  particularly 
true  for  the  cone  calorimeter,  at  20  kW/m2  incident 
flux.  These  results  could  be,  roughly,  used  to  predict 
the  results  of  full  scale  tests. 
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ABSTRACT 

There  is  increasing  focus  worldwide  for 
Telecommunication  and  Computer  industry  wire  and 
cable  materials  that  produce  less  combustion 
emission  products,  especially  corrosive  gases, 
during  a  fire.  Thus  far,  such  fire  performance, 
along  with  acceptable  physical,  mechanical  and 
electrical  properties  have  been  achievable  in 
non-halogen,  polyolefin  based  materials. 
However,  current  compounding  technology  for 
these  materials  usually  suffers  from  inferior 
processing  performance.  Cable  manufacturers  have 
had  to  contend  with  lower  line  rates,  narrow 
operating  conditions  and  often  are  required  to 
use  specially  designed  equipment.  In  this  paper, 
new  Reduced  Emission  materials  are  outlined. 
These  materials  maintain  the  excellent  balance 
of  physical,  mechanical,  electrical  and 
combustion  emission  products  performance.  More 
significantly,  they  also  exhibit  superior 
processing  latitudes,  resulting  in  better  line 
rates  and  wider  processing  windows  with  less 
stringent  equipment  requirements. 


INTRODUCTION 

Electrical  systems  can  be  considered  the 
"life-line"  in  modern  society,  providing  heat, 
light,  control  and  communication.  Over  the  past 
several  years,  there  have  been  widespread 
concerns  regarding  the  potential  damages  from 
combustion  products  produced  during  a  fire, 
especially  from  polymeric  materials  used  in 
electrical  systems.  Events  such  as  the  1975  and 
1987  New  York  City  Telephone  Company  fires tt,2>, 
the  Nippon  Telephone  and  Telegraph  fire  in  1984 
and  the  recent  Hinsdale,  Illinois  central  office 
fire  in  1988G),  have  heightened  the  public's 
interest  because  the  fires  were  so  disruptive 
and  costly.  There  is  widespread  agreement  that 
smoke  from  fires  is  more  of  a  concern  than  heat 
and  that  corrosive  combustion  products  are  of 
concern  to  sensitive  telecommunications  and 
computer  systems  during  a  fire. 

Nippon  Telephone  and  Telegraph  specified 
"non-halogen"  wire  and  cables  in  their 
facilities  soon  after  the  fire  damage  in 
1984<4>,  even  though  the  technology  in  such 
materials  was  not  as  advanced  as  it  is  today. 
The  worldwide  trend  seems  to  be  in  the  direction 
of  materials  generating  reduced  combustion 


emission  products,  especially  in  areas  such  as 
Communications,  Computers,  Mass  Transit  <5>  and 
Military  (6) . 

The  wire  and  cable  industry  has  had  a  long 
record  of  manufacturing  products  that  address 
the  safety  of  the  end  user.  In  general,  advances 
in  technology  have  been  closely  monitored  and 
improvements  have  been  made.  Concerns  such  as 
above  have  led  to  the  development  of  non-halogen 
materials  that  tend  to  minimize  combustion 
emission  products. 

NQN-HALOGEN  PRODUCTS 

Conventional  wire  and  cable  products  in 
the  telecommunication  and  computer  industry  use 
materials  containing  halogens.  Part  of  their 
fire  resistance  stems  from  the  very  fact  that 
these  materials  give  off  halogen  acid  products 
that  tend  to  retard  the  flame  propagation.  Even 
when  there  is  no  flame,  or  in  the  so  called 
"smoldering"  mode,  depending  on  the  heat  level, 
these  materials  pyrolyze,  producing  halogen  acid 
products-  Some  of  these  issues  have  been  well 
documented  (7-8-9>. 

In  contrast,  systems  typically  termed  "non¬ 
halogens",  rely  on  the  polymers  being  made  fire 
resistant  by  the  addition  of  inert  inorganic 
filler  materials.  The  most  common  materials 
employing  this  technology  are  the  polyolefin- 
based  wire  and  cable  products.  Early  efforts  to 
produce  such  fire  resistant  polyolefin  products 
had  suffered  from  poor  mechanical  and  processing 
characteristics.  These  deficiencies  were  the 
direct  result  of  high  filler  loadings  necessary 
to  achieve  the  level  of  flame  resistance 
required. 

Hence,  the  target  has  been  to  develop 
products  that  are  highly  flame  resistant  and  yet 
possess  acceptable  physical  and  mechanical 
properties.  The  most  important  challenge  was  to 
develop  such  products  with  superior  processing 
(extrusion)  characteristics,  while  maintaining 
the  excellent  combustion  products  performance. 
When  all  is  said  and  done,  perhaps  one  of  the 
most  critical  characteristic  of  any  product  is 
the  ease  of  processability  for  the  end-use.  If 
extrusion  can  be  accomplished  without  recourse 
to  specialized  equipment,  so  much  the  better. 
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Flame  Propagation 


NEW  REDUCED  EMISSION  PRODUCTS 

In  this  paper,  we  will  present  results 
from  the  latest  technology  of  developing 
polyethylene  wire  and  cable  products.  These 
developments  have  centered  on  a  "systems" 
approach,  combining  new  technology  in  resins, 
fillers  and  additives  to  synergistically 
overcome  the  earlier  deficiencies.  This  approach 
has  produced  products  meeting  or  exceeding 
current  performance  criteria  for 
telecommunication  applications,  while 
maintaining  the  improved  combustion  emissions 
quality  of  such  systems.  At  the  same  time,  these 
products  exhibit  the  necessary  ease  of 
processing  to  be  readily  acceptable  by  the 
industry  at  large.  Several  products  in  this 
family  are  now  available  under  the  UNIGARD  RE™. 

Properties  of  New  Reduced  Emission  Materials 

Physical.  Mechanical  and _ Ele.Ctr.ical. 

Properties 

Tables  1,  2  and  3  present  data  on  typical 
mechanical  and  physical  properties  of  these  new 
materials.  These  data,  covering  a  range  of  both 
wire  insulation  coatings  and  cable  jacketing 
compounds,  typify  the  superior  balance  of 
properties  now  achievable.  Such  excellent 
electrical  and  mechanical  properties  over  a 
wide  range  of  flame  resistant  levels  (measured 
by  the  oxygen  index  value) ,  illustrate  that 
earlier  deficiencies  in  such  highly  filled, 
flame  resistant  compounds  have  been  overcome. 
These  products  also  possess  good  low  temperature 
properties . 

Combustion  Properties 

Improvements  of  these  compounds  over 
conventional  halogenated  materials  in  terms  of 
combustion  properties,  were  tested  using  the 
following  well  known  techniques: 


1.  UL-1581  vertical  tray  flame  test 
modified  for  smoke  measurements 

2.  ASTM  E-662  Smoke  Density 

3.  Acid  Gas  measurements  by  the  U.  S.  Navy 
method*6  * 

4.  Acid  Gas  measurements  by  the  CSA 
method*10)  . 


For  comparison,  typical  commercial  CMR 
cables  of  both  PVC  and  Low  Smoke  PVC  were 
tested.  These  were  compared  to  the  candidate 
non-halogen  cable,  made  with  insulation  IB  and 
jacket  Jo  •  Since  material  differences  were 
evaluated  in  terms  of  smoke  and  combustion  gas 
products,  both  the  small  scale  and  the  vertical 
tray  cable  flame  tests  were  conducted  to 
demonstrate  relationships . 


Figure  1  illustrates  that  all  three 
cables,  namely,  PVC,  LSPVC  and  the  non-halogen 
cable  pass  the  UL-1581  vertical  tray  flame  tests 
rather  comfortably. 

Smoke  Obscuration 

Figure  2  illustrates  the  difference  in 
smoke  opacity  (1-Transmittance)  of  the  PVC, 
LSPVC  and  non-halogen  cables,  measured  during 
the  vertical  tray  flame  test.  It  is  evident 
that  while  the  LSPVC  cable  generated 
significantly  less  smoke  than  PVC  cable,  the 
smoke  from  non-halogen  cable  was  undetectable. 

Figure  3  demonstrates  the  same 
observation,  albeit  in  the  smaller  scale  NBS 
Smoke  Chamber.  Here,  the  three  jacket  materials, 
PVC,  LSPVC  and  non-halogen,  Jc,  were  tested 
under  the  flaming  mode.  In  the  static  system  of 
the  NBS  Chamber,  small  level  of  smoke  from  the 
non-halogen  material  was  detected.  However,  this 
was  significantly  less  than  the  LSPVC  and  PVC 
jackets.  This  difference  between  the  Smoke 
levels  measured  in  the  UL-1581  test  vs.  the  NBS 
Smoke  Chamber  can  be  attributed  to  the  high- 
exhaust  velocity,  and  dilution  effect,  in  the 
vertical  tray  cable  test.  NBS  Smoke  Chamber 
measures,  in  a  way,  the  worst  case. 

Acid  Gas  Generation 

This  test  measures  the  level  of  acid  gas 
generated  by  burning  a  small  quantity  of  the 
material  (jacket),  absorbing  the  gaseous  by¬ 
products  of  combustion  in  water  and  estimating 
the  equivalent  HC1  level.  There  is  considerable 
discussion  in  the  scientific  community  as  to  the 
applicabilty  of  this  test  as  an  indicator  of  the 
corrosive  combustion  by-products  from  burning 
polymers.  That  not  withstanding,  there  are 
several  agencies  around  the  world  who  use  either 
this  or  a  similar  test  in  specifying  and 
selecting  products,  especially  for 
Telecommunication  applications.  Both  the  U.  S. 
Navy  as  well  as  the  Naval  Engineering  Standards 
(U.K)  require  these  tests.  Canadian  Standards 
Association  has  a  slightly  modified  version  of 
the  same  test.  Similar  tests  are  also  specified 
in  Europe  U  *>  . 

For  comparison  purposes,  the  regular  PVC, 
low  smoke  PVC,  and  the  non-halogen  polyolefin 
(PO)  jacket  (Jo)  were  tested,  according  to  the 
U.  S.  Navy  method  as  well  as  the  CSA  method. 
Results  are  given  in  Fig  4.  It  is  evident  that 
the  non-halogen  PO  jacket  generates 
significantly  less  acid  gas  than  the  other  two 
halogenated  products. 

PROCESSABILITY  OF  NON-HALOGEN  MATERIALS 

As  mentioned  before,  earlier  developments 
in  non-halogen  technology  were  centered  on 
component  optimization.  While  this  indeed 
provided  good  mechanical  and  physical 
properties,  not  to  speak  of  the  expected 
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decrease  in  reactive  combustion  gas  products/ 
they  did  have  one  nagging  problem  for  the  person 
trying  to  extrude  these  on  a  commercial  scale./ 
viz.  high  filler  loadings  resulting  in  high  melt 
viscosity/  requiring  specialized  tooling/  high 
power  draw  and  an  extremely  slow  line  rates.  All 
of  these  factors  were  counterproductive  to  the 
regular  and  increased  use  of  these  products. 

Specifically/  difficulties  arose  from  the 
nature  of  these  compounds  and  the  rheological 
properties  of  these  materials.  These  earlier 
materials  tend  to  use  ATH  as  the  flame  retardant 
filler.  One  significant  problem  was  the  release 
of  gases  (water  vapor  from  decomposition  of  the 
fillers)  at  temperatures  exceeding  180°C 
(356“^),  and  the  high  melt  viscosities 
encountered  below  this  temperature.  It  became 
necessary  to  custom  design  equipment  to  mitigate 
problems  to  some  extent  and  achieve  some 
improvements  in  the  commercial  extrusion  rates. 
Obviously,  this  led  to  a  very  narrow  "operating 
window" . 

With  the  "systems"  approach  in  designing 
compounds  that  was  outlined  earlier,  we  now  have 
materials  that  have  overcome  the  processing 
barriers  and  enjoy  a  fairly  wide  operating 
window  in  terms  of  conditions.  An  extrusion 
process  is  typically  considered  to  be  a  function 
of  several  parameters  including  polymer 
properties,  design  parameters  and  operating 
conditions. 

By  taking  all  these  parameters  into 
account,  new  non-halogen  wire  and  cable 
materials  have  been  designed.  These  highly 
filled  compounds,  can  be  processed  using 
conventional  extruders  and  metering  screws,  with 
parameters  indicated  in  Tables  4  and  5. 

Note  that  the  temperature  latitude  is  much 
broader  than  the  180°C  max.  dictated  by  the 
outgas3ing  of  conventional  non-halogen,  ATH 
based  PO  compounds. 

During  extrusion,  the  ability  to  withstand 
higher  melt  temperatures  without  outgassing 
enables  the  lowering  of  melt  viscosity.  This  in 
turn  allows  the  operator  to  increase  screw  speed 
and  achieve  higher  output  rates.  In  the  case  of 
the  new  Reduced  Emission  compounds,  this  is 
accomplished  without  resorting  to  specialized 
3crew  or  tooling  design.  Both  aspects,  namely, 
no  special  equipment  and  higher  line  rates,  are 
big  advantages  to  the  commercial  cabler. 

To  illustrate  this  processing  advantage, 
let  us  look  at  some  typical  processing  data 
profiles.  For  comparison,  we  have  used  the  most 
commonly  available  non-halogen  jacket  compound, 
namely  Megolon  S-?on.  This  thermoplastic 
product  has  to  be  typically  extruded  using  a 
very  low  compression  screw  specifically  designed 
to  minimize  temperature  excursions  which  results 
in  outgassing  and  rougher  cable  surfaces.  We 
have  extruded  both  the  Megolon  S-300  and  our 
typical  non-halogen  jacket  Jr  (DEFB-1638  BK) ,  on 
a  2.5  inch  (6.35  cm),  24:1,  Davis  Standard 


extruder,  with  a  low  compression  screw  (CR 
1.5:1)  having  a  metering  depth  of  0.110  inches. 
The  extruder  had  a  maximum  RPM  of  125  and  50  HP 
rating.  The  results  are  shown  in  Figs.  5  and  6. 


Output  vs.  Screw  Speed 

In  the  first  comparison,  both  Megolon  and 
Jacket  Jc  were  extruded  at  a  barrel  temperature 
setting  of  around  165°C  (329°F) ,  as  recommended 
for  Megolon,  even  though  for  the  new  Jacket  Jc, 
a  temperature  profile  around  200  -  220°C  (392  - 
428°F)  would  be  recommended.  In  this  run,  the 
output  rate  (lbs/hr) ,  was  monitored  as  a 
function  of  screw  speed  (RPM) .  Fig.  5 
illustrates  that  as  the  screw  speed  is 
increased,  output  for  jacket  Jc  significantly 
increases  over  that  of  Megolon.  Even  more 
important,  at  RPMs  exceeding  20,  we  could  not 
effectively  extrude  Megolon  due  to  the 
outgassing  problem.  Hence  the  Megolon  line  is 
discontinued  beyond  25  RPM.  This  was  a  direct 
result  of  the  high  shear  rate  developed  at 
higher  speeds  and  the  consequent  increase  of 
melt  temperature  well  beyond  the  allowable 
maximum  of  180°C  (356°F)  ,  even  though  the 
extruder  wa3  3et  at  165*0.  At  screw  speeds 
exceeding  25  RPM,  outgassing  occurred,  with  a 
very  rough  cable  surface.  On  the  other  hand, 
with  che  new  Reduced  Emission  compound,  Jc, 
screw  speeds  of  75  RPM  was  easily  achieved. 


Melt  Temperature  .vs.,..  Screw..  Speed 

Fig.  6  demonstrates  the  problem  outline 
above  as  to  the  temperature  excursions  with 
Megolon  at  screw  speeds  exceeding  25  RPM's. 
Here,  melt  temperatures  exceed  the  limit  of 
180°C  (356°F) ,  causing  outgassing  and  a  very 
rough  cable  jacket  surface  due  to  porosity.  In 
contrast,  the  new  Reduced  Emission  non-halogen 
jacketing  compound,  Jc,  has  a  significantly 
higher  melt  temperature  tolerance,  a3  indicated. 
While  both  Megolon  and  jacket  material  Jc  have 
increasing  melt  temperatures  at  higher  RPMs,  as 
indicated  above,  compound— J.c  dofifl  na.t  outaas 
even  at  temperatures  of  220°C  (428°F)  .  This 

affords  not  only  a  smoother  surface  for  the 
cable,  but  the  operator  now  has  a  much  wider 
temperature  latitude  and  a  higher  line  rate,  as 
outlined  above. 


Rheological-gropertlea 

The  rheological  properties  of  the  two 
jacket  compounds,  Megolon  vs.  jacket  Jc,  were 
compared  with  a  capillary  rheometer  study  using 
the  Goetfert  Rheometer.  Results  from  this  test 
are  provided  m  Fig.  7.  Xt  is  once  again  evident 
that  at  a  given  temperature,  jacket  material  Jc 
has  much  lower  melt  viscosity  at  varying  shear 
rates,  especially  at  rates  corresponding  to 
those  encountered  in  large  commercial  extruders. 
Increasing  shear  rates  result  in  a  corresponding 
increase  in  polymer  melt  temperatures .  While 
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this  is  detrimental  to  materials  such  as 
Megolon,  where  temperatures  exceeding  180°C 
cause  excessive  porosity,  the  new  compounds 
overcome  this  problem  because  of  compounding 
technology . 


APPLICATIONS 

Currently,  these  new  Reduced  Emission 
polyolefin  based  compounds  are  marketed  under 
UNIGARD  RE®1.  These  products  are  being  evaluated 
for  several  mass  transit,  telecommunications, 
fiber  optic  insulation  and  jacketing  as  well  as 
certain  computer  data  processing  applications. 
The  main  attraction  of  these  compounds  stems 
from  their  balance  of  properties  as  well  as 
their  ea3e  of  processing.  Further  details  will 
be  provided  in  future  publications. 


Based  on  the  work  outlined  in  this  paper, 
it  is  clear  that  the  compounding  technology  for 
developing  non-halogen  polyolefin  based  wire  and 
cable  compounds  for  the  Telecommunication  and 
Computer  industries  has  advanced  significantly. 
Unlike  the  past  compounding  difficulties  of 
achieving  flame  resistance  and  physical, 
electrical  and  mechanical  properties  QHZiX  at  a 
concomitantly  diminished  processing  latitudes, 
current  technology  has  vastly  improved  the 
options  for  cable  manufacturers.  It  has  been 
demonstrated  that  good  mechanical,  electrical 
and  physical  properties  along  with  excellent 
combustion  products  performance  are  achieved, 
while  maintaining  processabilty .  significantly, 
these  new  developments  have  underscored  the  most 
important  aspects  for  the  person  on  the  extruder 
line,  namely,  achieving  good  line  rates,  without 
specialized  equipment  and  with  a  wider  window  of 
processing  conditions. 
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Table  3 

**dyo*4  Jacket  Material# 
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UPDATE  ON  SMOKE  CORROSIVITY 
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ABSTRACT 

Smoke  corrosivity  used  to  be  associated  only  with  acid, 
mainly  halogcnated,  gas  emission.  It  was  shown  recently 
that  all  smoke  is  corrosive,  even  if  it  is  not  acid.  Acid  gas 
emission  from  burning  materials  does  not  correlate  with 
smoke  corrosive  potential.  Moreover,  halogen  free  smoke 
can  be  more  corrosive  to  metal  surfaces  than  halogcnated 
smoke.  Corrosion  effects  are  reduced  by  applying 
treatments  soon  after  a  fire.  Many  factors  govern  corrosion, 
e.g.  smoke  amount  and  composition,  humidity  and 
temperature.  Smoke  composition  is  a  function  of  how  the 
material  is  combusted.  In  particular  as  the  fire  air  fuel  ratio 
decreases,  combustion  is  less  complete  and  smoke 
corrosivity  increases  greatly.  Thus,  tests  for  regulation  based 
on  the  corrosive  potential  of  smoke  need  to  address  many 
parameters,  and  a  set  of  10  criteria  have  been  developed  for 
such  tests.  The  effect  of  temperature  on  corrosion  means 
that  good  fire  properties  (mainly  low  heat  release)  are 
essential  to  contain  fire  atmosphere  corrosiveness,  by 
keeping  fires  cooler  and  decreasing  their  propagation  rate. 
The  best  way  to  manage  smoke  corrosivity  is  to  avoid  fires. 

HISTORY  OF  .SMOKE  CQRBPSIMCDt 


Corrosion  is  a  widespread  phenomenon,  which  affects 
nearly  every  aspect  of  modern  life.  Everyday  examples  of 
such  corrosion  are  too  extensive  to  mention1.  The  costs 
incurred  because  of  the  need  to  replace  equipment  ruined 
by  corrosion  is  so  high  that  extensive  research  and  testing  is 
being  carried  out  to  identify  causes  and  mechanisms  as  well 
as  methods  to  alleviate  the  problem2'5.  An  example  of 
corrosion,  and  the  focus  of  this  paper,  is  the  corrosion 
following  a  fire  in  the  electronics  and  telecommunications 
industries. 

Although  corrosion  due  to  exposure  to  combustion 
products  as  a  result  of  accidental  fires  in  buildings  has  been 
noticed  for  a  long  time  (and  in  fact  an  International 
Symposium  on  the  issue  was  held  in  Stockholm  in  19696)  not 
much  work  has  been  done  until  very  recently  to  investigate 
it.  Most  corrosion  work  has  focussed  on  other  types  of 
problems  and  has,  thus,  involved  either  long-term  exposures 
to  low  concentrations  of  gases  or  liquids2'9  or  short-term 
exposures  to  solutions  of  individual  corrosive  chemicals10. 


Such  work  has  only  minimal  relevance  to  accidental  fires. 
New  life  was  injected  into  this  area  with  the  International 
Smoke  Corrosivity  Conference  of  198711. 

Corrosive  effects  of  smoke  on  electrical  or  electronic 
circuitry  can  be  classified  into  three  processes,  viz.  metal 
loss,  bridging  of  conductor  circuits  and  formation  of 
non-conducting  surfaces  on  contacts.  The  formation  of 
deposits  can  be  deleterious  by  causing  a  loss  of  electrical 
conductivity  and,  thus,  making  an  electrical  contact 
unusable,  or  by  rendering  a  mechanical  part,  such  as  a  ball 
bearing,  ineffective  because  of  it  not  being  able  to  turn 
adequately. 

In  the  past  when  smoke  corrosivity  has  been 
considered,  it  has  been  thought  that  acid  gases  are  the  only 
entities  responsible  for  corrosion  and,  thus,  corrosive 
potential  of  the  smoke  from  combustible  materials,  has  been 
based  simply  on  studies  of  material  ranking  based  on  acid 
gas  emission  following  combustion.  The  tests  used  to 
determine  such  material  rankings  have  normally  involved 
burning  samples  in  a  hot  tube  furnace,  under  an  air  flow, 
capturing  the  water  soluble  effluents  and  titrating  the 
solutions  for  its  acid  gas  content  (HC1,  HBr,  HF),  for  its 
acidity  or  for  its  conductivity.  In  some  cases  it  was  even 
decided  that  no  test  at  all  was  needed  by  assuming  that 
smoke  corrosivity  was  directly  proportional  to  the  chemical 
composition  of  materials:  i.e.  that  halogen  content  was  a 
synonym  for  corrosive  potential. 

•  ■  •  ■  FIRST  MODERN  APPROACH  TO  SMOKE 
CORROSIVITY 
PERFORMANCE  TESTINfi 

Modern  approaches  to  smoke  corrosivity  performance 
testing  can  be  traced  to  the  development  of  a  test  for  the 
French  telecommunications  industry  (CNET  test,  ,2).  It 
marked  a  fundamental  change  in  the  thinking  process  and 
led  to  the  understanding  that  smoke  corrosivity  could  also 
occur  with  materials  containing  no  halogens.  This  test  is 
based  on  measuring  the  resistance  of  a  copper  printed 
circuit  exposed  to  smoke.  Furthermore,  this  test  proposes 
consideration  of  a  matrix  of  fire  properties  including  smoke 
corrosivity,  the  others  being  the  limiting  oxygen  index 
(ASTM  D2863)  and  the  ignitability  (ASTM  D1929). 

In  the  CNET  test  a  small  sample  of  a  material  (600 
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mg)  is  mixed  with  some  polyethylene  (100  mg)  and  placed 
inside  a  20  L  chamber,  which  has  been  conditioned  to  a  very 
high  relative  humidity  and  a  slightly  elevated  temperature. 
The  target  is  a  copper  printed  circuit  board,  with  a  total 
area  of  ca.  5.6  cnr  and  a  copper  thickness  of  170,000 
Angstroms.  Combustion  is  carried  out  by  a  rapid 
application  of  an  intense  flux,  which  elevates  the  sample 
temperature  to  ca.  800  ®C  in  a  very  short  time.  Water 
soluble  combustion  products  are  condensed  onto  the  target, 
which  is  water  cooled  to  a  temperature  appreciably  lower 
than  that  of  the  bulk  of  the  chamber.  It  should  be 
mentioned  that  the  original  version  of  this  test  did  not 
envision  measurements  on  the  sample  after  its  exposure  to 
the  fire  products.  Table  1  describes  all  the  materials 
mentioned  in  the  present  paper  (W&C:  abbreviation  for 
wire  and  cable  compound).  Table  2  presents  results  for  a 
variety  of  materials  on  the  CNET  test;  it  shows  significant 
corrosion  resulting  from  the  smoke  of  halogen-free 
materials. 

The  ASTM  E.05.21.70  Task  Group  on  smoke 
corrosivity,  established  in  the  mid  1980’s,  set  forth,  early  on 
in  its  deliberations,  a  set  of  10  criteria  that  any  smoke 
corrosivity  performance  test  should  ideally  meet  (Table  313). 

The  reasoning  behind  the  10  criteria  is  as  follows: 

1.  Performance  has  to  be  measured  rather  than 
to  assume  a  correlation  between  performance 
and  another  property,  e.g.  acidity. 

2.  Smoke  corrosivity  results  from  a  fire  and  this 
has  to  be  modelled  as  well  as  possible  to  get 
realistic  conditions. 

3.  Exposure  should  involve  products  in  as  close 
as  possible  to  their  end-use  condition. 
Furthermore,  a  product  should  not  be 
penalized  by  being  exposed  to  a  different  fire 
depending  on  its  other  properties  or 
composition. 

4.  The  combustion  module  should  be  able  to 
represent  various  fire  conditions  and  not  a 
single  one  (e.g.  smoldering,  flaming, 
flashover). 

5.  The  target  should  represent  the  type  of 
products  at  risk  in  the  scenario  of  interest 
(e.g.  circuit  boards,  computers,  switchgear). 

6.  The  target  may  need  to  be  made  of  different 
materials,  because  the  relative  corrosivity  of 
smokes  may  vary  when  compared,  e.g.  for  zinc 
versus  copper  or  versus  platinum. 
Furthermore,  different  aspects  of  corrosion 
may  be  of  interest  (increased  resistance  versus 
bridging). 

7.  In  a  real  fire  post-exposure  cleaning  takes 
place  only  after  a  considerable  time,  because 
of  the  need  of  fire  fighters  to  complete  their 
work  and  a  number  of  other  legal  and 
commercial  considerations. 

8.  Smoke,  and  some  of  its  components  in 


particular,  decays  when  moving  along  the  fire 
path  so  that  its  corrosivity  is  very  different 
depending  on  the  location  of  the  target  with 
respect  to  the  fire.  Moreover,  targets  are 
usually  at  the  same  temperature  as  their 
immediate  environment. 

9.  It  is  desirable  to  achieve  a  rapid  throughput 
of  testing,  so  that  the  equipment  can  be 
reused  rapidly. 

10.  It  is  desirable  to  design  a  test  that  yields  all 
required  results  without  unnecessary 
sophistication. 

It  is  important  to  judge  the  CNET  test  against  the 
criteria  set  out  in  Table  3.  This  test  is  thus  a  milestone 
because  it  clearly  satisfies  criterion  1,  which  is  the  most 
important  one.  By  satisfying  this  criterion  a  test  measures 
actual  corrosive  performance  rather  than  the  "susceptibility 
of  water  to  being  corroded".  The  CNET  test  fails,  however, 
to  satisfy  many  of  the  other  criteria. 

Figure  1  compares  CNET  test  results  for  some 
materials  with  those  of  two  acid  gas  tests:  HTF  (hot  tube 
furnace  as  used  by  the  Canadian  Standards  Association14) 
and  the  faster  "coil"  test15'16.  It  is  interesting  to  note  that  the 
two  acid  gas  tests  give  virtually  identical  results  and  that  the 
CNET  test  parallels  them.  This  is  in  contradiction  with  the 
observation  that  smoke  corrosivity  does  not  necessarily 
parallel  acid  gas  emission.  The  result  is  a  consequence  of 
three  undesirable  aspects  of  an  otherwise  good  test:  forced 
condensation,  which  eliminates  the  effect  of  non 
water-soluble  products,  lack  of  post-exposure  and  an 
unrealistically  intense  fire  module. 

There  are  four  other  important  problems  associated 
with  the  CNET  test.  Firstly,  there  is  a  very  long  time 
required  to  clean  and  condition  (to  the  desired  humidity) 
the  chamber  (a  process  which  often  requires  several  hours). 
Secondly,  the  small  chamber  volume  does  not  allow  finished 
products  of  any  significant  size  to  be  tested.  Thirdly,  the 
good  fire  performance  of  a  tested  material  does  not  yield 
any  advantages  in  the  test  itself,  because  of  the  forced 
combustion  in  the  presence  of  polyethylene.  Fourthly,  test 
results  can  be  difficult  to  interpret  because  the  copper 
"lines"  in  the  circuit  board  are  so  close  that  there  often  is  a 
combination  of  resistance  increase  due  to  metal  loss  and 
resistance  decrease  due  to  bridging. 

OTHER  PERFORMANCE  TESTS  PROPOSED 

The  use  of  static  or  dynamic  test  apparatuses  was  an 
issue  of  debate  in  the  late  1980’s,  and  it  is  still  not  fully 
resolved.  Some  of  the  advantages  and  disadvantages  of 
each  one  have  recently  been  discussed13. 

After  reviewing  the  difficulties  with  the  CNET  test 
method,  the  ASTM  task  group  then  proceeded  to  attempt 
to  develop  a  test  using  the  combustion  model  believed  to  be 
the  most  adequate  one:  the  cone  calorimeter17.  This 
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involved  attempting  to  use  lower  air  flow  rates  and  a  large 
(5  L)  removable  syringe,  with  a  transfer  tube  and  isokinetic 
sampling  of  the  smoke  in  the  cone  exhaust  duct.  Although 
the  concept  seemed  to  offer  many  advantages,  unfortu¬ 
nately,  the  practical  end  of  the  work  was  unsuccess¬ 
ful,  probably  because  the  strong  air  flows  and  the  dynamic 
nature  of  the  test  resulted  in  atmospheres  too  dilute  to 
cause  significant  corrosion. 

Recently,  researchers  at  Underwriters'  Laboratories 
have  decided  to  revisit  the  concept  of  smoke  corrosivity 
testing  using  the  cone  calorimeter,  but  they  have  modified 
the  sampling  technique,  in  order  to  obtain  higher 
concentrations  of  corrosive  species18. 

A  proposal  has  been  made  to  use  the  tubular 
apparatus  associated  with  the  German  smoke  toxicity  test 
(DIN  32436),  either  in  its  normal  dynamic  mode  or  by 
accumulating  the  smoke  in  a  chamber.  No  work  has,  as  yet, 
been  done  with  this  idea,  which  seems  unlikely  to  reach 
closure. 

Future  test  development  has,  thus,  became  centered 
on  static  chambers,  and  three  candidate  apparatuses  have 
been  under  consideration  since  then:  the  plastic  exposure 
chamber  (ca.200  L)  used  in  the  NBS  cup  furnace  toxicity 
test,  associated  with  a  radiant  combustion  chamber,  the  NBS 
smoke  density  chamber  used  in  the  ASTM  E662  test  (ca. 
500  L),  potentially  associated  with  an  external  combustion 
chamber,  and  the  CNET  chamber  (ca.  20  L). 

fundamental  WORK  ON  SMOKE  corrosivity 
SJ.UD.Y_.QE  EFFECTS  of  COMBUSTIBLES 

One  of  the  first  fundamental  projects  investigated  the 
effects  of  fuel  composition,  exposure  conditions  and 
post-exposure  on  smoke  corrosivity  of  actual  metallic 
samples1.  It  used  a  wide  range  of  combustible  materials, 
which  span  the  range  of  materials  that  could  typically  be 
found  in  modem  environments.  The  exposure  conditions 
‘attempted  to  simulate  the  wide  range  of  conditions  that  can 
be  found  within  an  area  affected  by  an  accidental  fire.  The 
corrosion  targets  were  materials  likely  to  be  present  in  a  fire 
and  susceptible  to  corrosive  attack.  A  few  anti-corrosion 
treatments  were  also  evaluated  for  their  effectiveness. 

.Experimental 

The  metal  specimens  were  (a)  a  series  of  steel 
coupons  10  x  10  cm  (4  x  4")  and  (b)  copper  mirrors  2.5  cm 
x  0.6  cm  (1  x  0.25"). 

The  steel  coupons  were  cut  from  12  gauge  sheets  of  hot 
rolled  0.4  -  0.5%  carbon  steel  and  ground  on  the  exposure 
side  to  a  smooth  6  micron  finish  with  a  surface  grinder. 
Immediately  before  exposure,  the  coupons  were  scrubbed 
with  soap  and  water,  rinsed  with  water,  acetone,  hexane, 
acetone  again,  alcohol  and  air  dried,  then  weighed  to  the 
nearest  0.1  mg.  The  approximate  weight  of  the  clean  metal 


coupons  was  200  g.  The  copper  mirrors  were  obtained  from 
Evaporated  Metal  Films  Corp.,  and  used  as  received  from 
the  supplier.  The  thickness  of  the  copper  (ca.  500  A) 
corresponds  to  a  10%  transmission  of  normal  incident  light 
of  wavelength  5000  A. 

Smokes  were  initially  generated  from  eight  different 
combustibles.  In  order  to  get  information  on  background 
level,  "smoke"  was  also  generated  in  the  absence  of 
combustible  material.  Details  of  the  materials  have  been 
presented  in  Table  1. 

The  composition  of  the  PVC  compounds  used  in  this 
specific  work  is: 


PVC  WR  compound 

PVC  resin 

100  phr 

Diisodecyl  phthalate 

65  phr 

Tribasic  lead  sulphate 

5  phr 

Calcium  carbonate 

40  phr 

Stearic  acid 

0.25  phr 

PVC  LH  compound 

Chlorine  content 

25.5  wt% 

Plasticizer 

14.8  wt% 

Calcium  carbonate 

33.8  wt% 

Other  non-volatiles 

0.4  wt% 

Exposure  of  metals 

The  metals  were  exposed  for  1  hour  inside  an  NBS 
Smoke  Density  Chamber,  fully  lined  with  TeflonR  sheeting, 
so  as  to  minimize  HC1  decay  on  the  walls.  The  steel 
coupons  were  laid  on  the  chamber  floor  and  the  copper 
mirrors  were  held  in  a  plastic  holder.  In  each  experiment 
15  g  of  combustible  were  burnt  inside  a  quartz  combustor, 
external  to  the  chamber  and  identical  to  that  used  in  the 
NBS  cup  furnace  smoke  toxicity  test19.  The  targets  were  five 
steel  coupons  and  two  copper  mirrors.  The  temperature  of 
the  furnace  was  set  at  600°C  in  all  experiments. 

In  every  experiment,  6.1  g  of  water  were  injected  into 
the  center  of  the  chamber,  at  a  rate  of  0.61  g/min.  The 
water  was  fed  by  a  Gilson  Minipuls  II  peristaltic  pump,  with 
calibrated  speed  control  display,  to  a  coiled  stainless  steel 
tube,  heated  to  ca.  150°C  and  vaporised. 

In  half  the  experiments,  designated  ROOM,  the 
chamber  air  temperature  was  near  ambient.  During  the 
other  half  of  the  experiments,  designated  WARM,  a  ceramic 
plate  (12.8  x  22.5  cm;  5  x  9"),  with  embedded  resistance  coils 
capable  of  dissipating  2  kW  of  power,  was  placed  inside  the 
smoke  chamber,  to  raise  the  chamber  air  temperature  to 
100-110*0. 

Metal  Treatment 

Each  of  the  five  steel  coupons  was  treated  differently, 
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to  simulate  different  scenarios  from  a  real  fire  situation. 
This  included  pre-treatments  (before  exposure)  and 
post-treatments  (after  exposure). 

Pre.-treatments: 

OILY:  Before  exposure,  one  steel  coupon  was  lightly 
coated  with  a  general  purpose  machine  lubricating  oil  with 
no  corrosion  inhibitors. 

ICE:  In  the  ROOM  experiments  one  steel  coupon 
was  laid  on  an  ice  filled  plastic  bag  to  enhance  condensation 
of  water  vapor  onto  the  metal. 

HOT:  In  the  WARM  experiments  one  steel  coupon 
was  put  on  top  of  the  ceramic  heater  unit,  to  simulate 
exposure  to  real  fire  temperatures.  The  temperature  of  that 
surface  was  approximately  550°C. 

Pre-treatments: 

Three  coupons  received  no  pretreatment  but  rather 
diverse  post-treatments,  simulating  potential  post-fire 
anti-corrosion  treatments. 

TSP:  One  metal  coupon  was  cleaned,  a  day  after 
exposure,  by  removing  the  excess  dirt,  soot  and  debris  and 
then  agitating  it  for  2-3  min  while  soaking  in  a  dilute 
aqueous  solution  of  trisodium  phosphate  (22.1  g/1).  The 
coupon  was  then  rinsed  with  clean  water  and  dried  with  air. 

WD40:  Another  coupon  was  treated,  again  one  day 
after  exposure,  by  coating  with  WD40.  After  removing  the 
excess  dirt,  soot  and  debris,  WD40  cleaning  oil  was  sprayed 
onto  the  metal  surface  and  drained  off. 

Untreated:  One  coupon  received  no  pre-  or  post¬ 
treatment. 

A  summary  diagram  of  the  exposures  and  treatments 
follows. 

Chamber  Temperature  ROOM  WARM 

Conditions  of  Steel  Coupons 


1 

Untreated 

Untreated 

2 

ICE 

HOT 

3 

OILY 

OILY 

4 

TSP 

TSP 

5 

WD40 

WD40 

Time  for  corrosion  after  exposure 

After  they  were  exposed  to  smoke,  all  metallic 


targets  were  kept  in  a  controlled  environment  chamber 
(25°C  and  75%  relative  humidity,  RH).  The  next  day,  two 
steel  coupons  were  post-treated,  as  described,  and  returned 
to  the  controlled  environment.  After  a  total  of  28  days,  ail 
targets  were  taken  out  of  the  chamber  and  cleaned. 

Mgaw.snie.nis 

The  steel  coupons  were  stripped  of  corrosion  by 
mechanical  means  and  the  metal  loss  determined  by  weight 
difference.  The  hydrocarbon  products  were  dissolved  off 
the  copper  mirrors  with  methanol  and  the  copper  salts  then 
dissolved  in  water.  Finally,  the  metallic  copper  remaining 
on  the  mirror  was  dissolved  into  concentrated  hydrochloric 
acid  and  the  copper  ion  content  of  the  acid  solution 
determined  by  atomic  absorption  spectrometry.  These 
results  were  used  to  calculate,  by  difference,  the  mass  of 
copper  lost.  The  concentrations  of  a  variety  of  combustion 
gases  were  measured  inside  the  exposure  chamber,  including 
HC1,  CO,  C02  and  NOx.  Details  of  these  latter 
measurements  will  not  be  given  here. 

Acid  gas  emission  measurements 

The  amount  of  acid  gas  emitted  was  measured  for  all 
the  samples  by  the  coil  test  method,  described  earlier  15, 16. 
For  the  purposes  of  this  report,  results  are  reported  in  terms 
of  proton  concentration  in  50  cm3  of  solution. 

Corrosion  of-SteeLCp.upons 

The  results  showed  that  all  the  combustibles  caused 
loss  of  metal,  as  did  even  the  simple  presence  of  warm 
humidity.  It  thus  became  important  to  subdivide  the 
analysis  of  results  so  as  to  look  at  individual  effects. 

The  various  conditions  and  treatments  for  the  steel 
coupons  used  simulated  different  realistic 
scenarios.  Thus,  the  coupons  on  the  hot  plate  simulate 
products  in  contact  with  temperatures  close  to 
those  prevalent  in  a  real  fire.  The  untreated  coupons 
exposed  at  the  chamber  temperature,  on  the  other  hand 
simulate  products  present  in  compartments  other  than  the 
fire  room  which  are  not  cleaned  after  the  fire  exposure. 
Those  coupons  exposed  on  ice  represent  the  unrealistic 
effect  of  enhanced  condensation  on  a  target,  which  will 
preferentially  show  the  effect  of  water-soluble  gases.  The 
post-treatments,  with  TSP  or  WD40  at  one  day,  after 
thorough  cleaning  of  the  combustion  debris,  represent 
alternative  approaches  to  a  fast  recovery  of  the  exposed 
products.  In  order  to  magnify  the  corrosive  effect  of  smoke, 
all  these  coupons  were  cleaned  before  exposure  and  exposed 
without  the  protective  benefit  of  the  grease  or  oil  usually 
present  in  real  scenarios.  The  pre-treatment  with  oil  was 
intended  to  simulate  this  effect. 

Effects  of  Temperature  Onlv:  Untreated  Coupons 

The  steel  coupon  in  the  warm  chamber  on  the  hot 
plate  produced  the  highest  overall  level  of  corrosion  of  all 
conditions  investigated  (Figure  2).  The  amount  of  metal 
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lost  was  fairly  constant  (0.76  -  0.32  g),  regardless  of  the 
material  burned  and  there  was  no  relationship  between  the 
type  of  combustion  products  and  the  amount  of  metal  lost. 
In  particular,  the  amount  of  metal  lost  for  the  HC1 
releasers,  showed  no  correlation  with  the  acid  gas  emission 
(Figure  3).  Moreover,  the  smoke  from  these  materials  as  a 
group  is  no  more  corrosive  than  the  smoke  from  the  group 
of  halogen  free  materials  (Figure  4)  and  the  most  corrosive 
smoke  was  due  to  nylon.  The  unrealistic  conditions  of  the 
coupons  on  ice  were  the  only  ones  where  HC1  emission 
correlated  with  corrosion  level  (Figure  3).  At  the  end  of  the 
exposure,  these  steel  coupons  were  always  extensively 
covered  with  condensed  water  droplets,  a  condition  never 
found  on  any  of  the  coupons  not  on  ice.  Clearly,  this 
condensed  moisture  promoted  HC1  condensation  of  HC1. 
Condensed  water  itself  is  also  corrosive,  as  demonstrated  by 
the  results  of  the  blank  experiments.  For  the  steel  coupons 
at  room  temperature,  but  not  on  ice,  corrosion  does  not 
correlate  with  HC1  emission  (Figure  3).  The  overall 
corrosiveness  of  the  scenario  with  the  steel  coupons  in  the 
warm  environment  is  almost  identical  to  that  of  the  previous 
scenario,  but  the  distribution  of  effects  among  materials  is 
very  different.  Under  these  conditions,  the  most  corrosive 
smoke  is  again  that  of  nylon,  which  is  obviously  very 
corrosive  at  higher  temperatures. 

Table  4  shows  the  acid  gas  emission  measured  for 
the  smoke  of  these  (and  some  other)  materials.  Four 
materials  contained  chlorine  and  were,  thus,  those  yielding 
the  most  acid  smoke,  in  the  order  indicated  by  their 
chemical  composition:  NPR,  PVC  WR  PVC  LH  and  HYP. 
The  smokes  of  materials  containing  nitrogen  are  clearly 
alkaline.  Particularly  interesting  is  the  fact  that  nylon  smoke 
is  alkaline,  suggesting  that  ammonia  is  one  of  its  principal 
components.  The  smoke  from  the  nylon  material  contained 
very  little  NO,,  as  measured  in  the  exposure  chamber.  The 
high  corrosivity  of  nylon  smoke,  and  its  dependence  on  the 
ambient  temperature  is  an 

unusual  issue  which  has  also  been  the  subject  of  fur*her 
research. 

Effects  of  Pre-Treatment  or  Post-Treatment 

All  simple  anti  corrosion  treatments  used  were 
effective  (Figure  2)  in,  reducing  the  metal  loss  to  about  half 
the  amount  for  untreated  samples. 

Corrosion-oLCopper  jvjiimis 

All  the  copper  mirrors  became  open  circuits  (infinite 
resistance)  at  the  end  of  the  post  exposure  period.  The 
corrosiveness  of  the  smoke  towards  copper  mirrors  was  thus 
determined  by  yield  of  soluble  copper  ions.  It  was  again 
found  that  the  most  corrosive  warm  smoke  among  these 
materials  belonged  to  nylon.  The  measurements  showed  a 
total  lack  of  correlation  with  the  pH  of  the  smoke, 
particularly  in  the  warm  chamber. 

The  ratios  of  C0/C02  usually  give  an  indication  of 


combustion  completeness.  Moreover,  they  may  be  an 
indicator  of  the  presence  of  incomplete  combustion 
products,  which  could  then  be  responsible  for  the  corrosion 
not  attributable  to  acid  gas  species.  Table  5  presents  these 
ratios.  The  carbon  oxide  ratios  suggest  that,  while 
combustion  is  not  complete,  oxygen  is  not  totally  depleted. 
Corrosion  results  of  this  work  should  be  compared  with 
those  from  work  under  more  oxygen  rich  and  more  oxygen 
poor  conditions,  as  a  subject  worthy  of  further  investigation. 

Table  6  has  the  theoretical  HC1  smoke  chamber 
concentration  and  the  experimental  peak  and  average 
values.  The  enormous  disparity  between  the  sets  of  values 
illustrates  the  phenomenon  of  HC1  decay,  even  in  a  chamber 
lined  with  plastic  to  minimize  such  decay. 

Conclusions  From  This  Specific  Work 

All  the  steel  coupons  and  copper  mirrors  experienced 
a  significant  amount  of  corrosion,  whatever  the  material 
burnt.  The  highest  degree  of  corrosion  was  observed  on 
those  steel  coupons  exposed  to  smoke  while  sitting  on  the 
heating  element.  The  corrosion  suffered  by  these  coupons 
was  due  primarily  to  the  heat,  and  possibly  accelerated  by 
water  vapor.  The  amount  of  corrosion  resulting  when  no 
material  was  burnt  was  of  the  same  order  than  that  found 
when  burning  any  of  the  materials.  This  indicates  the 
critical  role  of  heat,  in  this  as  in  all  fire  performance, 
making  it  worth  recalling  that  heat  release  rate  is  the 
principal  fire  property22, 23. 

This  suggests  that  the  smoke  itself  did  not  play  as 
important  a  role  in  causing  corrosion  than  the  high  levels  of 
heat  and  water  vapor,  typical  of  any  fire. 

Under  some  specific  scenarios,  the  type  of  material 
burnt  can  indeed  strongly  influence  smoke  corrosivity.  In 
particular,  in  the  case  of  chlorine-containing  polymeric 
systems,  which  can  release  HC1,  their  smoke  is  most 
corrosive  towards  steel  coupons  under  those  conditions 
which  favor  the  condensation  of  water  vapor. 

In  tests  where,  as  opposed  to  real  fires,  conditions  in 
the  exposure  chamber  can  cause  excess  condensation  of 
water  vapor,  this  has  a  tremendous  influence  on  the  relative 
values  of  smoke  corrosivity  of  different  smokes.  However, 
it  is  clear  that  the  level  of  smoke  corrosivity  in  full  scale 
fires  depends  on  several  factors:  the  fire  scenario,  the 
combustible  material  and  the  metal  target  involved. 

It  is  particularly  interesting  to  compare  the  corrosive 
tendency  of  the  smoke  of  all  the  materials  when  analysed  in 
a  variety  of  ways,  as  reflected  by  Figure  5.  This  shows  (a) 
the  acidity  of  the  smokes  ([H+],  in  mol/dm3),  as  measured 
by  the  coil  test  and  their  corrosivity  in  three  ways:  in  terms 
of  steel  as  (a)  average  of  all  experiments  and  (b)  average  of 
the  warm  chamber  experiments  only  and  (c)  in  terms  of 
copper,  as  average  of  the  warm  chamber  experi¬ 
ments,  as  measured  by  copper  weight  loss.  While  the 
ranking  of  acidity  simply  reflects  the  amount  of  HC1 
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emitted,,  the  three  direct  measures  of  corrosivity  show  that 
smokes  of  all  materials  are  reasonably  close  in  their 
corrosivity  towards  metal  samples. 

STUDY-OF  EFFECTS  OF  TARGETS  (COPPER! 

In  the  same  apparatus  described  earlier  (the  NBS 
smoke  chamber)  a  subsequent  study  was  made,  by  using 
only  copper  targets,  to  investigate  the  type  of  measurement 
most  useful  for  investigation  of  corrosion  of  copper.  The 
targets  initially  used  were  two:  the  copper  mirrors  described 
before  and  copper  atmospheric  corrosion  probes,  based  on 
a  Wheatstone  bridge  principle,  where  one  of  the  arms  of  the 
bridge  remains  unexposed  to  smoke  but  is  exposed  to  the 
effects  of  temperature.  The  latter  target  is  commercially 
manufactured  (Rohrback  P610  TF50  Cl  1000)  and  has  a 
copper  thickness  of  2500  A.  The  additional  current  required 
to  reequilibrate  the  circuit  is  measured  and  converted  into 
equivalent  metal  loss  (in  A),  with  a  corrosometer  (Rohrback 
CK3).  The  metal  loss  of  the  copper  mirrors  was  determined 
in  two  ways:  increase  in  resistance  (at  1  h,  end  of  exposure, 
and  after  1, 3,  7, 14, 21  and  28  days)  and  copper  dissolution 
(by  atomic  absorption,  as  described  earlier).  The  metals 
were  all  exposed  in  the  WARM  environment,  with  no  pre 
or  post  treatment.  For  comparison  purposes,  two  of  the 
materials  used  in  the  earlier  work  were  reused:  NYL  (using 
exposure  times  of  10  and  60  min)  and  PVC  LH,  together 
with  5  new  ones. 

Figure  6  shows  the  results  found,  by  all  three 
methods  of  measurement.  It  also  contains,  for  comparison 
purposes,  the  copper  mass  loss  data  of  the  earlier  series  of 
experiments  (labelled  old),  which  compares  reasonably  well 
with  the  new  results.  As  a  comment,  for  interpreting  the 
graph,  the  maximum  resistance  normally  measurable  is  2  x 
107  x,  the  log  of  which  is  7.3. 

The  first  obvious  result  is  that,  again,  there  is  no 
correlation  whatsoever  between  smoke  corrosivity  and  the 
degree  of  acidity  emitted,  and  that  halogen-free  smokes  can 
corrode  substantially.  It  is  clear  that  there  is  a  rough  degree 
of  correlation  between  the  various  targets,  but  that  they  do 
not  correlate  exactly.  The  copper  mirror  resistance  results 
at  28  days  and  the  copper  mass  loss  show  reasonable 
agreement.  The  Rohrback  probes  at  1  day  agree  reasonably 
well  with  the  copper  mirror  resistance  results  at  1  day. 

Copper  mirrors  (averages  of  two  mirrors  in  each 
case)  show  serious  reproducibility  problems,  partially 
because  of  uneven  distribution  of  deposits  on  them  and 
partially  because  of  excessive  sensitivity  (thickness  only  500 
A).  However,  comparison  of  the  mass  loss  measurement 
results  with  the  earlier  ones,  with  differences  well  within 
experimental  error,  indicates  that  these  targets  are  of 
interest  and  should  remain  under  some  consideration.  An 
investigation  was  made  too  of  different  ways  in  which  to 
measure  the  copper  mirror  resistance:  at  a  fixed  distance 
between  electrodes  or  at  a  variable  distance,  looking  for  the 
lowest  resistance  to  be  found.  The  results  were 


inconclusive.  Other  probes  have  also  been  investigated: 
larger  copper  mirrors,  copper  wires  and  exposed  circuit 
boards,  but  none  have  been  shown  to  be  effective.  An  issue 
of  great  interest  in  terms  of  these  small  copper  mirrors  is 
their  ready  availability  and  low  price  (<  $1  each). 

The  Rohrback  probes  are  much  less  sensitive  and 
thus  do  not  go  off  scale  so  easily.  Moreover,  measurements 
can  be  made  either  continuously  or  at  any  time  after  or 
during  exposure.  Furthermore,  temperature  effects  will  be 
minimized  by  the  resistance  reference  copper. 

Figures1 7  and  8  show  the  logarithm  of  the  increase 
in  resistance  of  Cu  mirrors  and  the  thickness  of  copper  lost 
in  the  Rohrback  probes.  These  figures  show  one  of  the 
effects  of  keeping  the  targets  post  exposure,  since  there  are 
several  cases  of  crossover  between  materials  when  smoke 
corrosivity  is  measured  at  different  times  after  exposure, 
both  for  the  Rohrback  probes  and  for  the  copper  mirror 
resistances. 

Figure  9  compares  the  mass  loss  of  copper,  and  the 
pH  of  the  smoke,  for  samples  of  very  different  chemical 
composition:  containing  Cl,  Br,  F,  N,  S  and  no  heteroatom 
(other  than  oxygen).  Three  of  the  samples  contain  more 
than  one  type  of  heteroatom.  It  is  obvious  that  there  is  no 
correlation  between  the  chemical  composition,  or  indeed  the 
pH  of  smoke,  and  smoke  corrosivity. 

LARGE  SCALE  TESTS 

A  series  of  full  scale  smoke  corrosivity  tests  were 
carried  out  at  the  University  of  Edinburgh,  by  A.  Macmillan 
and  D.  Drysdale20  using  a  variety  of  combustible  materials 
and  copper  mirror  (resistance)  for  measurements. 

The  chamber  was  13.5  m3  in  volume  and  the 
combustibles  were  all  allowed  to  burn  on  their  own,  in  the 
presence  of  100  g  of  Douglas  fir  wood.  The  combustibles 
used  were  ABS,  NORYL,  NYL,  PP,  PVC  CIM,  PVC  LF 
and  PVC  WR.  The  effect  of  the  wood  alone  was  also 
investigated.  Two  additional  parameters  were  investigated: 
the  effect  of  oxygen  availability  in  the  vicinity  of  the  burning 
process  and  the  effect  of  chamber  temperature. 

In  order  to  investigate  the  effect  of  oxygen  the 
samples  were  burned  at  floor  level  at  the  center  of  the 
chamber,  either  unconfined  (free  burn),  within  a  fire  box 
(internal  volume  0.41  m3)  lined  with  low  density  ceramic 
fibieboard  with  one  side  (41  cm  x  41  cm)  open  (confined 
burn)  or  with  the  opening  reduced  to  a  slit  10  cm  wide  by 
41  cm  high  (closed  burn).  Copper  mirrors  were  located 
within  the  chamber  at  a  height  of  1.5  m  from  the  floor. 
Measurements  were  made  after  the  exposure  (1  h)  and  after 
post  exposure  periods  of  1,  2  and  3  days  (at  room 
temperature  and  75  %  RH). 

The  effect  of  temperature  was  investigated  for  a 
single  fuel,  viz.  nylon,  and  it  was  done  by  raising  the 
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temperature  to  various  levels,  viz.  ca.  60,  80  and  110  °C. 

The  results  confirmed,  once  again,  that  all  smokes 
caused  some  degree  of  smoke  corrosion.  This  can  be  seen 
in  Figure  10  showing  closed  burn  values  measured  after  3 
days  post  exposure.  In  particular,  Figure  11  gives  details  of 
results  found  for  two  halogen  free  materials,  DFIR  and 
NORYL,  for  all  three  exposures.  The  figure  also  shows  that 
increased  oxygen  availability  decreases  the  corrosion 
efficiency.  This  is  a  general  trend  for  all  materials,  as 
indicated  by  averaging  the  resistance  measurements  of  all  8 
materials  under  each  condition  (Figure  12).  It  is  very  clear 
that  corrosion  is  enhanced  by  restricting  the  oxygen  access, 
in  other  words  making  combustion  less  efficient. 

Figure  13  shows  the  effect  of  temperature  on  the 
smoke  corrosivity  of  NYL:  the  resistance  after  exposure  (1 
h)  increases  by  ca.  8  orders  of  magnitude  when  the 
temperature  of  the  targets  reaches  110  °C,  indicating  that 
temperature  places  a  crucial  role  in  smoke  corrosivity. 


FUTURE  DIRECTIONS  FOR  SMOKE  CORROSIVITY 

The  ASTM  Task  Group  investigating  smoke 
corrosivity  is  now  concentrating  its  attention  on  a  so  called 
NIBS  apparatus.  It  involves  the  chamber  used  for  exposure 
in  the  NBS  cup  furnace  toxicity  test  (ca.  200  L)  and  an 
external  radiant  combustor. 

There  has  been  some  experience  investigating  the 
effect  of  burning  conditions  on  test  results  in  this  apparatus, 
and  it  has  been  shown  that  several  factors  can  have 
significant  effects  both  on  the  absolute  yields  of  individual 
carbon  oxides,  and  on  their  relative  yields.  These  include 
the  mass  of  sample  loaded,  the  length  of  irradiation  time, 
the  irradiation  level  and  the  oxygen  concentration  during 
combustion.  It  was  found  that  the  CO  yields  (or  C0/C02 
ratios)  tend  to  be  very  low  (compared  to  those  found  in  real 
fires)  '.:r>ss  the  amount  of  smoke  generated  is  sufficient  to 
"flood"  the  chamber.  This  work  (by  M.  Hirschler  and  G. 
Sm  ’h,  ofBFGoodrich)  will  be  reported  on  fully  elsewhere21 
and  is  mentioned  here  only  in  order  to  indicate  it  as  an 
issue. 

The  targets  proposed  for  use  by  the  ASTM  Task 
Group  are  the  same  Rohrback  probes  discussed  here, 
probably  at  copper  thicknesses  of  2,500  A  and  50,000  A. 
The  latter  would  allow  the  use  of  larger  samples,  at  the 
expense,  perhaps,  of  losing  some  degree  of  accuracy. 

The  use  of  this  static  chamber  appears,  thus,  to  solve 
many  problems  discussed  before.  It  suffers,  however,  from 
the  inevitable  problem  of  finding  out  whether  there  is  a  way 
of  generating  smoke  in  a  manner  truly  relevant  to  the  full 
scale  fire  scenario  to  be  investigated. 


CONCLUSIONS 

The  results  of  this  work  prove  once  again  that  a  fire 
environment  is  corrosive,  whatever  the  fuel  involved.  This 
is  a  consequence  of  the  action  of  heat,  condensed  water 
vapor  and  oxygen,  present  in  all  fires. 

There  is  no  correlation  between  acid  gas  emissions 
from  combustible  materials  and  the  corrosivity  of  their 
smoke. 

The  effects  of  humidity,  temperature,  oxygen 
availability  and  type  of  target  investigated  can  be  much 
more  important  than  the  fuel  used.  In  other  words,  the  fire 
scenario  is  crucial  to  understand  the  level  of  corrosion  that 
will  result. 

Corrosion  inhibiting  treatments  applied  soon  after 
the  fire  decrease  the  amount  of  corrosion. 

Many  parameters  need  to  be  addressed  when 
devising  tests  designed  to  regulate  materials  based  on  smoke 
corrosivity.  In  particular,  the  large  influence  of  temperature 
on  corrosivity  emphasises  again  that  materials  with  good  fire 
properties  (typically  low  rate  and  amount  of  heat  released) 
will  be  invaluable  in  containing  the  corrosiveness  of  fire 
atmospheres,  by  keeping  the  fire  cooler  and  decreasing  its 
propagation  rate. 

It  has  already  been  shown  that  rate  of  heat  release 
is  the  crucial  fire  property  in  any  fire22:  it  is  clear  now  that 
smoke  corrosivity  is  no  exception. 
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Table  1,  Materials  Used  in  Experiments  Described 

A.  First  NBS  Smoke  Chamber  Work 

DFIR  Douglas  fii  wood 

NPR  commercial  polychloroprene  (Neoprene  W) 

NYL  commercial  nylon  (Du  Pont  Zytel  HSL  103) 
PE  polyethylene  non-halogen  fire  retarded 

commercial  W&C  (Union  Carbide 
DEQD-1388,  black) 

PS  commercial  polystyrene  (Dow  Styron  6069) 

PVC  LH  low  halogen  (experimental)  flexible  poly(vinyl 

chloride)  W&C,  described  previously16 
PVC  WR  standard  (non-commercial)  flexible 

poly(vinyl  chloride)  W&C 

WOOL  unbleached  unwoven  wool  fibres  (sample  used 

for  smoke  toxicity  testing19) 

NONE  no  combustible  material 

B.  Follow-up  Work  in  NBS  Smoke  Chamber 

ABS  Fire  retarded  acrylonitrile  butadiene  styrene 

(Borg  Warner  Cycolac  KJT) 

F  CB  Fluorinated  cable  jacket  compound 

HYP  Chlorosulphonated  polyethylene  compound 

(Hypalon) 

MEL  flexible  polyurethane  foam  fire  retarded  with 

melamine  (BASF  Rest  Easy) 

PU  FM  ordinary  commercial  non  fire  retarded  flexible 

polyurethane  foam 

C.  CNET  Tests 

CPE  Chlorinated  polyethylene 

CSP  Chlorosulphonated  polyethylene  commercial 

W&C 

PR/ATH  Commercial  ethylene  propylene  rubber  W&C 

fire  retarded  with  alumina 

EVA/ATH  Commercial  ethyl  vinyl  acetate  W&C  fire 
retarded  with  alumina 

HYPLS  Smoke  suppressed  commercial 

chlorosulphonated  polyethylene  compound 
LDPE  Low  density  polyethylene  commercial  W&C 

POLEF/ATH  Commercial  polyolefin  W&C  fire 

retarded  with  alumina 

FIFE  Polytetrafluoroethylene  commercial  W&C 

PVC  FR  Conventional  fire  retarded  commercial  PVC 

W&C 

PVC  FRLA  Fire  retarded  low  acid  emission  commercial 
PVC  W&C 

PVC  LS  Smoke  suppressed  commercial  PVC  W&C 

PVC  RES  Pure  PVC  polymer 

PVC  STD  Conventional  non  fire  retarded  commercial 

PVC  W&C 

PVDF  Polyvinylidene  fluoride 

XLEVA/ATH  Commercial  crosslinked  ethylene 

vinylacetate  W&C  fire  retarded  with  alumina 
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D.  Large  Scale  Tests 

NORYL  Polystyrene/polyphenylene  oxide  commercial 
compound  (GE  Noryl  N190) 

PP  FR  Fire  retarded  polypropylene  compound 
PVC  CIM  Rigid  commercial  PVC  custom  injection 
moulding  compound 

P\  C  LF  PVC  experimental  flexible  fire  retarded  and 
smoke  suppressed  W&C 


Table  2 


COR  (%) 


Halogenated  materials 

HYP  LS 

1.8 

Pure  PVC  +  PE  (@  5  %  Cl) 

4.2 

PVC  LH 

4.5 

CSP 

5.6 

HYP 

7.7 

Pure  PVC  +  PE  (@  10  %  Cl) 

7.7 

PVC  FRLA 

8.8 

CPE 

10.9 

PVC  LS 

11.7 

PVDF 

12.9 

PTFE 

14.1 

PVC  STD 

14.2 

Pure  PVC  +  PE  (<§>  25  %  Cl) 

21.9 

PVC  RES 

30.0 

Halogen-free  materials 

EPR/ATH 

0 

Polyethylene  pure 

0 

PS 

0,2 

NYL 

0.6 

EVA/ATH 

0.6 

Diallyl  phthalate 

0.8 

XL  EVA/ATH 

0.9 

POLEF/ATH 

1.1 

Polyester 

1.2 

LDPE 

3.5 

Polysulphone 

8.8 

Table  3 

Criteria  for  a  Smoke  Corrosivity  Test 

1.  The  test  should  measure  corrosive  performance. 

2.  The  combustion  module  should  be  representative  of 
energies  and  growth  rates  of  real  fires. 

3.  All  products  should  be  treated  in  the  same  way, 
irrespective  of  chemical  composition  or  fire 
performance. 

4.  The  test  apparatus  should  allow  the  burning  conditions 
to  be  varied. 

5.  The  conditions  in  the  exposure  module  should  reflect 
those  during  real  fires. 

6.  The  exposure  target  should  be  capable  of  being  varied. 

7.  The  protocol  should  allow  a  reasonable  period  between 
the  end  of  the  exposure  and  the  measurement  time. 

8.  The  protocol  should  consider  transport  of  the 
combustion  products,  their  decay  before  reaching  the 
target  and  their  deposition  on  the  target  surface. 

9.  Test  protocol  should  allow  rapid  throughput  of 
experiments. 

10.  Test  should  be  as  inexpensive  as  possible. 

Iabls-4 

Acid  Gas  Emission  by  the  Coil  Test  (M) 

NPR  1.21  x  10'2 

PVC  WR  8.20  x  10'3 

PVC  LH  2.32  x  lO'3 

HYP  1.33  x  10'3 

ABS  5.01  x  10-4 

F  CB  3.98  x  10"4 

DFIR  4.98  x  10'5 

XLPE  4.83  x  10'5 

PU  FM  3.16  x  10'5 

PS  1.04  x  10"6 

NONE  1.00  x  10'7 

WOOL  4.22  x  lO45 

MEL  1.02  x  10"8 

NYL  9.60  x  10‘9 


Table  5 

Average  Ratios  of  CO/COj  Yields 


ROOM  WARM 

PVC  WR  0.28  0.19 

PVC  LH  0,11  0.16 

NPR  0.30  0.41 

WOOL  0.16  0.21 

DFIR  0.08  0.05 

PE  0.03  0.03 

PS  0.06  0.02 

NYL  0.02  0.02 
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Table  6 

HC1  concentrations  (ppm)  in  Warm  Chamber 


Theoretical  Exp.  Maximum  Exp.  Average 


NPR: 

7,250 

4,000 

876 

PVC  WR: 

3,610 

1,850 

305 

PVC  LH: 

900 

370 

88 

CORROSION  TEST  COMPARISONS 


Hot  Tub#  Fumtc#,  Coll  and  CNET 


PVC  RES  NPR  PVCWR  CPE  HYP  PVCLH  HYP  LS  PE  PS  Wl  NYL 


Target* 


Fig.  1.  Coriosion  test  comparisons  -  Hot  Tube  Furnace, 
Coil  Test  and  CNET. 
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CORROSION  RESULTS  -  STEEL  COUPONS 

MBS  Smoke  Chamber  -  All  Combustbles 


BOOM  UffTR  ICE  OILY  TSP  WWO  WARM  UNTH  ICE  OllY  TSP  WWO 

Fig.  2.  Corrosion  results  •  Steel  Coupons. 


CORROSION  RESULTS  -  STEEL  COUPONS 


NBS  Smofc#  Chamber  -  1  h  -  28  d 


Fig.  3.  Corrosion  results  -  Steel  Coupons  weight  loss  vs. 
HCI  emission. 


CORROSION  RESULTS  -  STEEL  COUPONS 

NBS  Smoke  Chamber  -  Warm  -  Hoi  Plalo 
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CORROSION:  VARIOUS  REPORTING  METHODS  SMOKE  CORROSION  OF  ROHRBACK  PROBES 


NBS  Smoke  Chamber  -  All  Combuatibte* 
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Fig.  5.  Corrosive  tendency  of  the  smoke  of  materials  as 
analyzed  by  various  methods. 
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Fig.  6.  Smoke  corrosion  of  copper. 


SMOKE  CORROSION  OF  COPPER  MIRRORS 
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Fig.  7.  Smoke  corrosion  of  copper  mirrors. 


Fig.  8.  Smoke  corrosion  of  Rohrback  probes. 
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Fig.  9.  Smoke  corrosion  of  copper  -  mass  loss  of  copper  vs. 
pH  of  smoke. 
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Fig.  10.  Smoke  corrosivity  of  all  materials. 
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SMOKE  CORROSIVITY  OF  NORYL  AND  WOOD 


Effect  of  Changing  th#  Oxygan 


Dr.  Marcelo  M.  Hirschler 


Fig.  11.  Smoke  corrosivity  of  Noryl  and  Wood  -  effect  of 
changing  the  oxygen  level. 


SMOKE  CORROSIVITY  -  ALL  MATERIALS 
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Fig.  12.  Smoke  corrosivity  of  all  materials  -  effect  of 
changing  the  oxygen  level. 
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Fig.  13.  Smoke  corrosivity  of  Nylon  -  effect  of  increasing 
the  temperature. 
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SECOND-GENERATION  THERMOPLASTIC,  ZERO-HALOGEN,  LOW-SMOKE,  FIRE-RETARDANT  INSULATION  COMPOUND 


Michael  Taylor,  Peter  Richardson,  Joe  Preston  A  Jack  Taylor 


Lindsay  &  Williams  Ltd,  Manchester,  UK 


Abstract 

The  development  of  a  Low-Smoke,  Halogen-Free, 
Fire-Retardant  Thermoplastic,  cable  insulation 
material,  known  as  D31  is  described.  Results  are 
presented  to  show  that  the  electrical,  physical  and 
ageing  characteristics  are  similar  to  those  of  a 
typical  PVC  insulation  material. 

Comparisons  are  drawn  with  PVC  insulation 
material  and  results  presented  to  confirm  that  the 
flammability  properties  of  the  compound  are  far 
superior  to  those  of  a  PVC  insulation  material, 
D31  generating  only  low  levels  of  smoke,  toxic 
fumes  and  acidic  gases,  whilst  being  significantly 
more  difficult  to  ignite, 

The  thermo-mechanical  properties  of  D31, 
coupled  with  its  excellent  breakdown  voltage,  would 
render  the  material  suitable  for  the  insulation  of 
Power  cables,  whilst  the  low  di-electric  constant 
would  allow  its  use  in  communication  cable 
applications. 


Introduction 

The  use  of  halogenated  polymers  and  compounds, 
and  their  associated  processing  technology,  has 
found  application  in  cable  manufacture  for  many 
years.  Polymers  such  as  Poly  Vinyl  Chloride  (PVC), 
Poly  Chloroprene  (PCP)  and  Chlorosulphonated 
Polyethylene  (CSP),  have  been  compounded  for 
various  properties,  to  meet  specifications  for 
insulation  and  jacketing  of  cables.  However, 
compounds  based  on  these  polymers  are  reported  to 
possess  inbegegt.dgfjwjjacks  when  involved  in  a  fire 
situation.  ’  ’  ’  ’  ’  These  can  be  summarised 

into  three  main  areas: 

1.  Large  volumes  of  dense  black  smoke  are  emitted. 

2.  Highly  corrosive  acid  gases  are  released. 

3.  The  materials  can  propagate  a  fire  along  a 
cable  run. 

4.  Burning  drops  of  molten  material  can  fail  away 
from  the  cable. 

In  response  to  these  problems,  certain 
low-smoke,  halogen-free,  fire-retardant 

thermoplastic  compounds  have  gained  acceptance  as 
replacements  for  PVC  in  a  wide  range  of  cable 
jacketing  applications,  but  in  general  the 


di-electric  properties  of  these  materials  are 
comparable  only  to  non-flame-retarded  PVC 
compounds,  and  they  have  not  found  use  as 
insulation  materials. 

However,  in  the  instance  of  a  fire  where  a 
Low-Smoke,  Halogen-Free,  Fire-Retardant  jacketed 
cable  is  installed,  it  is  desirable  that  the 
insulation  material  be  also  Low-Smoke,  Halogen-Free 
and  Fire-Retardant,  in  order  to  minimise  the 
contribution  of  the  insulation  to  the 
conflagration,  and  in  order  to  have  the  ends  of 
the  insulation  fire-retardant  where  the  sheath  iB 
removed  for  termination.  In  view  of  this,  we  have 
developed  an  insulation  compound  which  matches  the 
mechanical  and  electrical  properties  of  a  typical 
PVC  insulation  material,  but  is  halogen-free, 
fire-retardant,  and  generates  only  low  quantities 
of  smoke  on  pyrolysis. 

Existing  Halogen-Free  compound  technology  was 
employed  to  develop  the  insulation  compound,  the 
improvements  over  Halogen-Free  jacketing  compounds 
being  targeted  towards  better  electrical  properties 
and  improved  processability,  up  to  the  requirements 
of  a  typjcal  UK  PVC  insulation  material,  known  as  a 
type  TI2  material.  In  addition,  the  properties 
were  targeted  towards  meeting  an  existing 
Halogen-gree  insulation  specification,  namely  a 
type  HJ2  material.  The  requirements  for  these 
materials  are  outlined  in  Figure  1. 

Initial  Evaluations 

A  variety  of  compound  formulations  with  various 
polymers,  fillers  and  process  aids  were  screened 
for  the  important  mechanical,  electrical  and 
flammability  properties.  The  general  conclusions 
from  these  experiments  are  presented  in  Figure  2. 

From  the  formulations  considered,  formulation 
201  had  the  best  overall  performance  for  the 
parameters  considered,  and  it  was  subsequently 
renamed  "D31"  for  large  scale  manufacture  and 
trials. 

The  results  of  these  trials  and  subsequent 
laboratory  testing  are  presented  in  the  remainder 
of  this  paper. 
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Mechanical  Properties 

The  Mechanical  Properties  of  D31  are  presented 
in  Figures  3-6,  along  with  the  requirements  for  a 
typical  PV’C  insulation  material0  and  a  halogen-free 
insulation  material. 

Figures  3,  4  and  5  show  that  D31  has  adequate 
properties  before  and  after  thermal  ageing,  to  meet 
the  requirements  for  typical  PVC  and  typical 
Halogen-Free  insulation  materials.  In  addition, 
the  data  presented  in  Figure  6  shows  D31  to  have  a 
reasonable  resistance  to  commonly  encountered 
oils. 
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Electrical  Properties 

The  results  of  the  electrical  tests  presented 
in  Figures  7  and  8  demonstrate  that  1)31  easily 
surpasses  the  requirements  for  a  zero-halogen 
insulation  material.  More  interestingly  however, 
D31  is  also  able  to  satisfy  the  requirements  for  a 
type  TI2  general  purpose  PYC  insulation  material.0 

The  di-electric  properties  are  compatible  to  a 
typical  PVC  insulation  material,  and  sufficient  to 
render  D31  suitable  for  communication  cable.  In 
addition,  the  breakdown  voltage  of  D31,  coupled 
with  its  excellent  thermomechanical  properties  (as 
will  be  seen  later)  would  allow  D31  to  find 
application  in  power  cable  insulation. 

The  ’K’  value  of  D31  after  immersion  in  water 
has  been  measured  over  a  period  of  672  hours  (28 
days),  and  Figure  9  shows  the  insulation 
resistance  constant  (’K’  value)  to  fall  steadily 
up  to  around  400  hours,  after  which  it  would 
appear  to  be  beginning  to  reach  equilibrium.  This 
pattern  of  behaviour  is  similar  to  that  reported 
for  a  zero-halogen  jacketing  material.  Notibly, 
the  * K *  value  is  still  well  above  the  specified 
minimum  for  a  TI2  PVC  insulation  material,  (i.e. 
0.037  MQKm)  after  28  days  immersion  in  water. 
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Figure  9  Insulation  resistance  constant  versus 
time  of  immersion  in  water 

Thermo-Mechanical  Properties 

The  compound  was  characterised  in  terms  of  its 
physical  behaviour  over  a  range  of  temperatures  by 
Dynamic  Mechanical  Thermal  Analysis  (DMTA).  This 
technique  measures  the  deformation  of  a  material 
in  response  to  vibrational  forces.  A  Dynamic 
Mechanical  Thermal  Analyser  was  used  to  determine 
the  changes  in  Storage  Modulus  (E’)t  and  Loss 
Tangent  (Tan  £s.  )  which  measures  the  energy- 
dissipated  per  cycle  compared  to  the  energy  stored 
by  the  compound.  Any  changes  in  the  heat  dis¬ 
sipation/storage  behaviour,  over  a  range  of 
temperatures,  would  indicate  a  relaxation  in  the 
polymer  system  (e.g.  Glass  Transitions  §g).  The 
method  used  has  been  widely  reported  ’  ’  and  the 
results  for  D31  are  presented  graphically  in 
Figure  10. 
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Figure  10  Dynamic  mechanical  thermal  analysis  of 
D31. 
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Two  transitions  are  indicated  for  D31  namely 
the  Glass  Transition  Temperature  (Tg)  at  -30‘C  and 
the  Crystalline  Melting  point  (Tm)  at  around 
100 'C.  Thus  D31  would  be  expected  to  Maintain  its 
flexibility  at  temperatures  down  to  -30C  (-22‘F) 
and  to  begin  to  soften  at  between  90  and  100 ‘C 
( 194-212’ F).  This  shows  the  product  is  suitable 
for  telecommunication  and  power  cable 
applications. 

The  Hot  Pressure  Performance  of  D31,  shown  in 
Figure  11  confirms  the  predictions  of  the  DMTA, 
D31,easily  meeting  the  requirements  of  a  typica^ 
PVC5  insulation  material,  and  also  a  zero-halogen 
insulation  material,  (Figure  12). 
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Figure  11  Hot  pressure  performance  of  D31 
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Figure  12  Hot  pressure  performance  of  D31 


The  results  of  other  miscellaneous  thermo- 
mechanical  tests,  presented  in  Figure  13,  confirm 
that  D31  complies  with  the  requirements  of  both  a 
PVC  and  a  zero-halogen  insulation  material. 
Notably  the  elongation  at  break  properties  are 
excellent  at  sub-zero  lempeiaturea  down  to  -15 ‘C 
(5‘F),  and  these  would  be  expected  to  be  main¬ 
tained  down  to  -30 ‘C  { —22 *  F ) ,  as  preaicted  by 
DMTA. 
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Figure  13  Miscellaneous  thermo-mechanical 

properties  of  D31. 


The  flammability  properties  of  D31  have  been 
assessed  by  a  series  of  experiments  including  smoke 
and  toxicity  tests,  vertical  burning,  acid  gaB 
emission  tests  and  oxygen  index  testing.  In 
addition,  results  have  been  obtained  from  cone 
calorimetry. 

Toxicity 

In  the  event  of  a  fire  the  emission  of  toxic 
fumes  from  halogenated  insulation  and  jacketing 
materials  can  be  hazardous,  particularly  in  areas 
where  large  numbers  of  people  are  gathered,  e.g. 
Hotels,  Conference  Halls,  Underground  Railway 
Stations,  ’  ’  4  and  the  potential  for  a  cable 

and  other  items/materials  (e.g.  floor  coverings, 
wall  coverings  etc)  to  generate  toxic  fumes  is  a 
particular  concern  in  this  scenario.  Thus  there 
is  a  need  to  minimise  the  contribution  of  a  cable 
to  this  hazard. 

The  measurement  of  the  toxicity  of  a  material 
is  a  difficult  area,  and  one  which  is  the  subject 
of  intense  debate.  There  are,  however,  several 
different  specified  methods  for  assessing  toxicity, 
one  of  these  methods  being  the  NES  VIS15  tost 
which  is  specified  for  a  number  of  military 
applications  in  the  Naval  Standards  of  Great 
Britian  and  the  United  States  of  America,  and  also 
in  CNET  (French  Standards). 

The  NES  713  Toxicity  Index  is  derived  fro..-  the 
measured  concentrations  of  those  gases  specified 
in  the  standard.  and  which  are  commonly  emitted 
in  fires.  The  summation  of  these  concentrations, 
in  relation  to  fatal  exposure  levels  to  man,  in 
thirty  minutes  forms  the  index.  The  British  and 
United  States  Navy  Specifications  allow  a  maximum 
value  of  5  for  the  Toxicity  Index.  Figure  14 
shows  that  D31  is  well  within  this  specification. 
This  low  figure  is  complimentary  to  the  similar 
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figures  obtained  fros  Halogen-Free  jacketing 
materials  such  as  Megolon  S300,  and  Hegolon 
S1/S240  which  has  passed  the  test  for  the  Airbus 
Industry  Specification  1000.001,  Issue  4.  Thus 
allowing  the  cabie  designer  to  design  low  toxic 
hazard  cables.  The  results  also  confirm  the 
halogen-free  nature  of  the  product. 


Figure  14  Toxicity  factors  for  D31 
Ssoke  Testing 

The  a soke-generation  behaviour  was  assessed  to 
NES  711,  3  and  the  results  are  presented  in  Figures 
16  and  16.  D31  is  shown  to  be  far  superior  to  a 

typical  PVC  insulation  material,  when  tested  with 
the  sane  apparatus  under  the  Base  conditions. 

The  PVC  insulation  saterial  generates  ssoke  at 
an  earlier  part  of  the  test  than  D31,  and  the  rate 
of  ssoke  generatio  -  PVC  is  such  higher  than 
that  for  D31.  D3i  ars  to  have  reached  its 
saxisus  ssoke  forsation  at  5  sinutes,  whereas  the 
PVC  saterial  is  still  generating  large  quantities 
of  ssoke  at  the  point  where  the  test  was 
tersinated.  The  asount  of  ssoke  generated  by  D31 
is  shown  to  be  far  less  than  that  for  the  PVC 
saterial,  indeed,  the  values  for  ssoke  indices  of 
these  two  saterial,  presented  in  Figure  15  show 
tha£gD31  easily  seets  the  requiresents  of  NES 
518  4  which  specifies  a  saxisus  ssoke  index  of  20. 
However,  the  PVC  insulation  saterial  generates  an 
index  well  above  this  specified  saxisus.  These 
i^e^l^|  are  in  line  with  earlier  reported  results, 

’  ’  where  non-halogenated  compounds  give  a 

very  low  level  of  ssoke  whilst  PVC  compounds 
generate  high  levels  of  dense  black  ssoke. 
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Figure  15  Ssoke  indices  fros  NES  711 


OPTICAL  DENSITY  (DSC) 


Figure  16  NBS  ssoke  tests  results  for  D31  and  PVC 
(TI2°) ,  (NES  711) 

Vertical  Burning 

In  order  to  assess  the  ignitability  of  D31  the 
UL9410  Vertical  Burn  Test  was  employed  and  the 
stages  of  the  test  are  shown  in  Figure  17-22.  In 
comparison  with  a  typical  PVC  insulation  material, 
D31  is  slow  in  igniting,  whilst  the  PVC  sample 
ignites  alsoBt  instantly  on  application  of  the 
flase.  D31  produces  very  little  ssoke  and  doeB  not 
produce  burning  drips  of  saterial,  whilst  the  PVC 
sample  emits  large  quantities  of  dense  black 
ssoke,  and  molten  material  drips  fros  the  burning 
saaple. 


Figure  17  UL94,  10  seconds,  D31  v  PVC 

(LHS)  (RHS) 


Figure  18  UL94,  20  seconds,  D31  v  PVC 

(LHS)  (RHS) 
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Figure  23  Schematic  diagram  showing  the  principle 
parts  of  the  cone  calorimeter. z 


A  -  sample 
B  -  hood 
C  -  duct 
D  -  gas  sampler 


F  -  blower 
G  -  blower  motor 
H  -  aotor  speed 
control 


E  -  pressure  ports  I  -  thermocouple 


Figure  21  UL94,  60  seconds,  D31  v  PVC 

(LHS)  (RHS) 


Figure  22  UL94,  120  seconds,  D31  v  PVC 

(LHS)  (RHS) 


The  results  presented  in  Figures  25-28  show 
clearly  that  D31  is  more  difficult  to  ignite  than  a 
typical  PVC  insulation  compound,  has  a  lower  rate 
of  heat  release  and  produces  considerably  less 
saoke  and  carbon  aonoxide.  Additionally,  D31  has  a 
lower  rate  of  mass  loss,  i.e.  has  considerably  less 
volatiles  than  a  typical  PVC  insulation  compound. 

The  smoke  emission  of  both  compounds  is  again 
shown  to  be  vastly  different.  The  cone 
calorimeter  measures  a  parameter  related  to  the 
amount  of  saoke  produced  per  mass  of  sample  gurned. 
It  is  expressed  as  the  volume  of  saoke  (a°)  of 
density  (calculated  by  natural  logsJ.of  unit  per  1 
metre  thickness  (m*4  gD/kg  =  e'Vkg).  The  results 
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show  a  similar  ratio  of  saoke  generation  parameters 
for  a  typical.  PVC  insulation  aaterial  and  D31,  i.e. 
828/52  and  882/59  for  the  cone  calorimeter  and  MES 
711  respectively,  i.e.  PVC  generates  15  tines  the 
quantity  of  saoke  generated  by  halogen-free  D31. 


HEAT  RELEASE  RATE  (KW/MA2) 

160  i - 
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TIME  (SECS) 

Figure  26  D31  and  PVC  (TI2)5  heat  release  rate 


Figure  24  The  cone  calorimeter 
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Figure  25  Suanary  of  cone  calorimeter  .results 
for  D31  and  PVC  to  ASTM  E1354. 

*  180  and  300  seconds  are  nominal  test 

tines  to  draw  a  comparison  with 
**  heat  flux  30  KwV 
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Figure  27  D31  and  PVC  (TI2)®  specific  extinction 

area 
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SPECIMEN  MASS  (Q) 


The  evolution  of  acid  gases  fros  D31  and  a 
typical  PVC  insulation  material„were  assessed  using 
cossonly  reported  methods10'  '  ’  ’  which  involve 
the  cosbustion  of  a  ssall  sasple  in  a  current  of 
air i  the  gases  evolved  being  collected  in  wash 
bottles  for  analysis  either  by  cheaical  sethods,  8 
or  by  the  neasurenent  of  pH  and  conductivity. 

The  results  presented  in  Figure  29  show  that 
D31  is  far  superior  to  PVC,  emitting  no  halogen 
gases,  and  evolving  only  very  ssall  amounts  of 
other  acidic  gases  on  cosbustion.  PVC,  however, 
is  known  to  evolve  large  quantities  of  highly 
acidic  hydrochloric  acid  on  cosbustion,  and  this 
is  confirmed  by  the  low  pH  of  the  water  solution, 
and  its  high  value  of  conductivity.  Furthermore, 
the  chemical  analysis10  confirms  that  D31  is 
halogen-  free  and  liberates  no  halogen-containing 
gases. 
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Figure  29  Acid  gas  emission  results 


The  results  of  small  scale  laboratory  tests  on 
D31  are  presented  in  Figure  30.  Again  D31  is  shown 
to  be  superior  to  a  typical  PVC  insulation 
compound,  having  a  higher  oxygen  index  and  a  longer 
time  to  ignition. 
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Figure  30  Small  scale  fire  test  results 
Processing 

Compound  D31  is  a  highly-filled  polyolefinic 
copolymer  based  compound  and  can  therefore  be 
processed  on  conventional  thermoplastic  extrusion 
equipment.  As  demonstrated  by  Figure  31,  the 
viscosity  of  the  melt,  whilst  higher  than  for 
typical  PVC  insulation  material,  is  nevertheless 
considerably  lower  than  that  for  previously 
reported1’  halogen-free  jacketing  materials. 

The  lower  melt-viscosity  should  enable  easier 
processing  on  equipment  optimised  for  highly-filled 
polyolefins,  and  initial  results  would  indicate 
this  to  be  the  case. 

Considerable  work,  however,  remains  to  be 
carried  out  in  this  area.  Of  particular  interest 
is  the  determination  of  the  minimum  radial 
thickness  (which  appears  to  be  0.2  mm)  which  can 
be  achieved  by  highly-filled  polyolefins,  and 
optimisation  of  die-designs  for  these  materials. 
Work  carried  out  in  this  area  will  be  the  subject 
of  a  future  paper.  In  the  meantime,  preliminary 
results  reveal  that  good  line  speeds  can  be 
obtained  under  similar  processing  conditions  to 
typical  PVC  insulation  compounds,  thus  leading  to 
economic  production  speeds. 


umm 

It  mi  t  lli'C) 

— 

It  (HI  1 110‘CI  1 

on 

10 

10 

Type  TI2S  PfC 

10 

10 

gigolos  sm2! 

so 

so 

Figure  31  Mooney  viscosity  values  for  various 
cable  materials 

Spucliniam 

The  aim  of  this  work  has  been  to  develop  an 
insulation  material  with  the  low  smoke,  low  acid 
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Reference 


gas  and  low  toxic  gas  characteristics  normally 
associated  with  zero-halogen  jacketing  Materials 
combined  with  the  physical  and  electrical 
properties  of  a  typical  PVC  insulation  Material. 

To  this  end,  D31  has  been  shown  to  posses 
flanaability  properties  conparible  to  zero-halogen 
jacketing  Materials,  and  being  |ar  superior  to 
typical  PVC  insulation  Material,  whilst  easily 
Meeting  the  requirenents  .of  a  zero-halogen  low 
SMoke  insulation  Material. 

The  electrical  properties  have  been 
desonstrated  to  constitute  a  considerable 
iaprovenent  over  those  reported  for  zero-halogen 
jacketing  Materials,  being,  conparible  to  typical 
PVC  Insulation  Materials,  and  easily  Matching 
those  required  for  zero-halogen  insulation 
Materials. 

The  excellent  therno-nechanical  properties  of 
D31  Make  it  suitable  for  use  in  connunicaiton  and 
power  cable  insulation,  whilst  the  low  temperature 
properties  remain  excellent  down  to  -15 "C,  and 
would  be  expected  to  renain  so  down  to  -30 'C.  The 
saoke  generation  of  D31  is  aininal  and  signifi¬ 
cantly  lower  than  that  of  PVC  insulation  Materials. 
Indeed,  in  all  the  flaanability  assessments  carried 
out  to  date,  D31  gives  far  better  performance  than 
the  typical  PVC  insulation  conpound,  producing  low 
levels  of  toxic  and  acidic  fuses,  and  being  more 
difficult  to  ignite.  Significantly,  D31  meets  the 
requirements  of„„the  British  Naval  Engineering 
Standard  NES  for  toxic  gas  enisBion. 

The  processing  behaviour  is  currently  the 
subject  of  a  detailed  study  prograa.  It  is 
expected  that  siMilar  screw  design  technology 
previously  reported  for  halogen-free  jackets, 
would  need  to  be  eaployed  to  give  rise  to  siMilar 
output  rates  to  typical  PVC  insulation  Materials. 

It  is  the  view  of  the  Authors  therefore,  that 
D31  provides  the  cable  designer  and  user  with  a 
viable  halogen-free  insulation  Material  to  replace 
PVC  insulation  Materials  in  a  number  of  power  and 
communication  cable  designs.  It  is  anticipated 
that  this  material  will  find  application  in  areas 
where  the  generation  of  saoke,  acidic  gases  and/or 
toxic  fumes  in  the  case  of  a  fire  would  present 
particular  problems.  These  include  areas  where 
large  numbers  of  people  gather,  e.g.  Hotels, 
Railway  Stations,  Airports,  Hospitals;  or  where 
high  value  capital  plant  is  involved  such  as 
Nuclear  Power  Stations,  Telephone  Exchanges, 
Computer  Suites,  etc.  Additionally,  there  may  be 
some  applications  in  Military  Cable  Installations. 
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ABSTRACT 

Fire-retardant  optical  cable  must  be  employed  for 
fire-protection  systems.  However,  plastic  coatings  of 
optical  fibers  burn  or  decomposed  under  a  fire  so  that 
optical  fiber  would  be  broken  easily. 

In  this  study,  the  cable  design  with  new  insulation 
paper  and  polyethylene  containing  magnesium  hydroxide 
was  proposed  and  tested  for  fire-retardant  cable. 
Heating  curve  specified  in  JIS  A1304  was  applied  for 
the  test,  in  which  the  temperature  reached  8-10' C  in  30 
minutes. 

The  temperature  of  the  cable  center  was  below  420* C 
in  30  minutes,  then  optical  fibers  didn’t  break  and 
its  loss  didn’t  increase.  So  optical  fibers  enclosed 
in  the  cable  were  found  to  be  providing  high  mecha¬ 
nical  reliabilities  even  during  a  fire. 


1.  INTRODUCTION 

Fn e-retardant  communication  cables  installed  in 
fire-protection  systems  are  requi.id  to  maintain  a 
communication  function  for  a  certain  period  of  time 
in  early  limes  of  a  fire. 

In  testing  fire-retardant  cables,  the  cables  are 
heated  in  accordance  with  a  heating  curve  specified  in 
the  Japanese  Industrial  Standard  (JIS)  A13G4.  The 
temperature  inside  the  heating  furnace  reaches  840' C 
in  30  minutes.  Although  the  specification  for  the 
fire-retardant  optical  cable  has  not  been  established 
in  japan,  it  is  thought  that  the  optical  fibers  must 
not  break  and  loss  increases  must  be  less  than  a  few 
dB  during  the  test.  Conventional  types  of  optical 
cables  often  cause  break  of  optical  fibers  when  they 
are  subjected  to  fire  retardant  tests.  The  following 
factors  are  considered  technical  difficulties  for 
fire-retardant  optical  cables  : 

1)  The  plastic  coating  of  optical  fiber  decomposes  and 
vanishes  due  to  heat.  Then  the  optical  fiber 
strength  cannot  be  maintained  and  the  optical  fiber 
easily  breakes  if  a  small  strain  is  applied. 

2)  The  optical  fiber  is  applied  a  tensile  stress  due 
to  the  difference  of  the  linear  expansion  co¬ 


efficient  between  the  cable  and  the  optical  fiber 
in  it.  For  example,  assuming  the  cable  linear 
expansion  coefficient  to  be  1.5xlO-J,  which  equals 
that  of  steel  wires  used  as  strength  members  in 
the  cable,  an  elongation  of  1.2X  occurs  if  heated  to 
840  'C. 

3)  Because  plastics  used  in  constructing  the  cable 
melt  and  deform  and  gas  generation  due  to  thermal 
decomposition  of  them  causes  small  gas  explosions, 
mechanical  strains  are  applied  to  the  optical  fiber. 
Considering  above  mentioned  factors,  a  fire- 
retardant  optical  cable  design  to  suppress  the  tempera¬ 
ture  increase  inside  the  cable  core  that  uses  optical 
fibers  inserted  in  a  metal  pipe  by  insulating  by  paper 
and  by  absorbing  heat  by  endothermic  reaction  by 
magnesium  hydroxide  have  been  studied. 

2.  CABLE  DESIGN 

2.1  MECHANICAL  PROTECTION  OF  OPTICAL  FIBER 

The  cable  core  was  obtained  by  inserting  optical 
fibers  into  stainless  tubes  and  by  stranding  them. 
The  provided  protection  against  thermal  deformation  of 
the  cable  composition  materials  and  against  direct 
stresses  by  thermally  decomposed  gases  for  the  optical 
fibers.  A  excess  length  of  approx.  0 . 1%  of  optical 
fibers  could  be  put  to  offset  part  of  the  thermal 
expansion  distortion  of  the  cable. 

The  cable  itself  was  covered  with  a  corrugated 
steel  tube  to  protect  it  against  external  mechanical 
stresses.  And  the  corrugated  tube  shielded  air  to 
supDress  burning  of  the  cable  inner  composite  materials 

2.2  HEAT  INSULATION 

The  thermal  conductivity  of  paper  is  small  compared 
with  those  of  typical  metals  and  ceramics  as  shown  in 
table  1.  Paper  was  less  expensive,  and  by  wrapping 
it,  the  cable  could  have  a  flexibility  to  bend.  From 
these  reasons,  paper  could  be  promising  as  a  heat 
insulator  of  cables.  Nevertheless,  paper  was  almost 
never  used  in  fire-retardant  cables  because  of  its  low 
heat  resistance.  In  this  study,  the  heat  insulating 
performances  of  paper  normally  used,  flame-retardant 
paper  and  high-density  paper  was  investigated.  The 
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Paper 

0.18 

Polyethylene 

0.22 

Si02  (Glass) 

1.38 

A1s®3 

36 

Stainless  Steel 

14  ~  17 

Iron 

80 

Aluminum 

237 

Copper 

99 

Table  1  Comparison  of  Thermal  Conductivities 
of  typical  Materials 


flaae-retardant  paper  was  Bade  by  impregnating  organic 
flaie  retardant  materials  in  it. 

2.3  HEAT  ABSORPTION 

Taking  the  endothermic  reaction  beginning  at  a 
relatively  low  teiperature,  low  cost  and  ability  to 
be  processed  into  consideration,  polyethylene  contain¬ 
ing  magnesium  hydroxide  was  used  as  the  endothermic 
material.  The  material  has  been  used  as  flame- 
retardant  polyethylene.  The  endothermic  reaction  of 
magnesium  hydroxide  becomes  remarkable  at  approx.  350'  C 
or  higher. 

3.  TESTING  METHOD 
3.1  CABLE  CONSTRUCTION 

The  cable  core  was  obtained  by  stranding  six 
stainless  steel  tubes  of  1.2  mm  in  outer  diameter  and 
0.8  mm  in  inner  diameter  around  a  galvanized  steel  wire 
of  1.2  mm  in  diameter.  Using  stainless  tubes  inserted 
with  optical  fibers,  optical  fiber  cable  could  be 
fabricated. 

Three  types  of  cable  samples  using  this  cable  core 
were  fabricated  and  tested.  (See  figure  )) 

#1~  #4  :  Inner  polyethylene  was  covered  around  the 
cable  core  and  paper  was  (or  was  not) 
wrapped  on  them. 

I5~#6  :  Paper  was  wrapped  around  the  cable  core 
and  inner  polyethylene  was  covered  on  them. 

#7  :  Paper  was  additionally  wrapped  on  16. 

All  the  three  cable  types  were  covered  with  corru¬ 
gated  steel  tube.  In  the  cases  of  #1  to  #6,  the 
corrugated  steel  tubes  were  covered  with  polyethylene 
containing  phosphorus. 

Table  2  shows  the  characteristics  of  these  samples 
fabricated  by  varying  the  kind  of  paper  and  the  amount 
of  magnesium  hydroxide  in  inner  polyethylene. 
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®  Galvanized  Steel  Wire 
©  Stainless  Steel  Tube 
©  Inner  Paper 
©  Inner  Polyethylene  Sheath 
©  Outer  Paper 
©  Thermocouple 
©  Steel  Corrugated  Tube 
©  Polyethylene  Sheath  containing  phosphorus 


Figure  1  Cross-sectional  Structures  of  Tested  Cables 
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Thermocouples  were  Inserted  in  the  stainless  steel 
tubes  of  all  samples  to  aeasure  temperatures  in  center 
of  the  cables.  A  theraocouple  was  fixed  on  paper  or 
inner  polyethylene  when  the  Saaple  »1  to  14  were  tested. 

When  the  Saaple  #7  was  tested,  each  of  optical 
fibers  was  fixed  on  the  stainless  steel  tube  on  the 
edge  of  the  saaple  to  aeasure  loss  increase  during 
the  test. 

3.2  TEST  APPARATUS 

The  test  apparatus  is  shown  in  figure  2.  A  cable 
of  1.3a  in  length  was  fixed  horizontally  on  a  vertical 
pearl ite  board. 

3.3  HEATING  CONDITIONS 

The  samples  were  heated  30  ainutes  in  accordance 
with  the  temperature  curve  specified  in  the  Japanese 
Industrial  Standard  (JIS)  A  1304. 


4.1  MEASUREMENT  RESULTS 

Figure  3  shows  the  results  of  measuring  temperature 
inside  the  cables.  In  the  case  of  Sample  11,  the 
temperature  rapidly  increased  8  minutes  after  starting 
the  test  and  reached  700* C  in  15  minutes.  It  took 
longer  for  the  sample  12  and  <3  than  the  Sample  >1 
to  reach  100  and  400  *  C  ;  8  to  9  and  16.5  to  19  minutes 
after,  respectively.  The  temperature  increase  speed 
decreased  for  2  to  3  minutes  at  approx.  400‘  C. 

The  Sample  14  did  not  use  paper,  but  has  a  cross- 
section  of  inner  polyethylene  3.5  times  those  of 
the  Sample  #2  and  13.  The  temperature  in  the  cable 
center  reached  400' C  in  15  minutes,  but  the  temperature 
increase  stopped  in  approx.  5.5  minutes. 

In  the  cases  of  the  Sample  *5  and  #6,  the  tempera¬ 
ture  in  the  cable  center  rapidly  increased  approx.  10 
ainutes  after  starting,  but  increased  slower  than  the 


Cable 
Sample  No. 

Inner  Paper 

Inner  Polyethylene 

Outer  Paper 

Material 

Density 

(g/cm5) 

Diameter 

Material 

Diameter 

(mm) 

rnmf- 

Content 

Material 

Density 

(g/cml) 

my 

10131 

WflEStM 

- 

- 

Conv. 

3.6/  7 

0 

0 

HfiR* 

17 

Us 

- 

- 

- 

F.R. 

3.6/  7 

64 

0.28 

nils 

■iW; 

17 

mmm 

- 

- 

- 

F.R. 

3.6/  7 

64 

0.28 

in 

1.07 

17 

H 

- 

- 

- 

F.R. 

3.6/  12 

64 

0.98 

** 

(14) 

#5 

H.D.  and  F.R. 

1.19 

3.6/  12 

F.R. 

12  /  18 

80 

2.1 

- 

- 

#6 

H.D. 

1.07 

F.R. 

12  /  18 

2.1 

- 

- 

#7 

H.D. 

1.07 

3.6/  12 

F.R. 

12  /  18 

2.1 

H.D. 

1.07 

28 

Conv.  :  Conventional 
F.R.  :  Flame-retardant 
H.D.  :  High-density 
*  Weight  per  Cable-length 
**  Plastic  Tape 

Table  2  Characteristics  of  Samples 


[Temperature  Sensor 
(nside  the  Furnace 


Figure  2  Apparatus  of  fire-retardant  Test 


Photo  1  Sample  *7  after  the  Fire-retardant  Test 
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Sample  #2  and  #3,  reaching  400' C  in  approx.  20  minutes. 
Tne  temperature  increase  speed  decreased  2  minutes  at 
approx.  400* C,  but  increased  rapidly  thereafter.  There 
were  no  differences  in  the  temperature  increase 
profiles  of  the  two. 

The  temperature  increase  during  the  test  tempo¬ 
rarily  decreased  in  the  Samples  12  to  16,  but  the  tem¬ 
perature  reached  approx.  700' C  in  30  minutes  afterward. 
The  temperature  of  the  Sample  17  reached  420* C  in 
30  minutes.  Neither  optical  fiber  break  nor  loss 
increases  were  observed  during  the  first  30  minutes. 
Photo  1  shows  the  Sample  #7  after  the  test.  All  the 
heated  paper  were  carbonized  and  magnesium  hydroxide 
was  dehydrated  and  calcined.  The  optical  fiber  coating 
was  thermally  decomposed  and  vanished. 


Time  (min.  ) 
(a)  Sample  #1~#4 


4.2  HEAT  INSULATION  EFFECTS 

In  the  region  of  400* C  or  lower  where  magnesium 
hydroxide  endothermic  reaction  effects  were  none  to 
compare  paper  effects,  the  temperature  increases  were 
slower  with  the  Sample  12  and  *3  than  with  the  Sample 
#1  even  if  the  effects  of  water  evaporation  latent 
heat  were  substructed,  indicating  that  flame-retardant 
and  high-density  paper  exelled  in  heat  insulation. 
Comparing  the  Samples  #2  and  #3,  the  high-density  paper 
exelled  in  heat  insulation  than  the  flame-retardant 
paper.  Comparing  the  samples  *1  and  #2,  heat  insula¬ 
tion  property  improved  by  making  conventional  paper 
flame-retardant.  However,  comparing  the  Samples  *5 
and  16,  it  did  not  improve  even  if  high-density  paper 
was  made  flame  retardant. 


Time  ( m i n .  ) 


(b)  Sample  *5~#7 


Figure  3  Variations  of  Cable  Temperature 


#1 

#2 

#3 

#4 

#5 

#6 

#7 

by  water  at  approx.  100'  C 

2.9 

2.1 

1.3 

0 

2.1 

2.1 

1.6 

by  Hg(0H)2  at  -pprox.  400’  C 

0 

2.4 

! 

2.6 

5.4 

3.4 

3.1 

>8.7 

Unit  :  min. 

Table  3  Duration  of  Endothermic  Reaction  (by  measurement  at  Cable  Center) 
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4.3  ENDOTHERMIC  EFFECTS 

The  temperature  increase  speed  decreased  in  the 
cable  center  at  approx.  100  and  400' C. 

At  approx.  100' C,  it  could  be  observed  with  the 
samples  other  than  the  Sample  #4.  So  it  was  thought 
that  it  was  caused  by  paper,  due  to  heat  absorption  by 
evaporation  of  approx.  lOwt.J!  water  contained  in  the 
paper. 

The  slow  temperature  increase  speed  at  approx. 
400' C  could  be  observed  with  the  samples  other  than 
the  Sample  til.  It  was  confirmed  by  differential 
scanning  calorific  analysis  (DSC)  of  inner  polyethylene 
that  it  was  caused  by  heat  absorption  due  to  the 
decomposition  of  magnesium  hydroxide. 


Table  3 

shows 

sustained  durations 

of  endothermic 

reactions. 

These  reactions  can 

be  expressed  as  follows 

ll20  (1) 

- 

h2o  (g) 

AH  =  41 

(kJ/mol/deg) 

Mg(0H)2 

MgO  +  H20 

AH  =  81 

(kJ/mol/deg) 

5.  NUMERICAL  ANALYSIS 
5.1  ANALYSIS  METHOD 

The  temperature  fluctuations  inside  the  cable 
simply  could  be  analyzed  by  the  equation  of  unsteady- 
state  heat  conduction  and  by  endothermic  reaction  speed. 
They  were  analyzed  by  the  cylindrical  coodinates  one¬ 
dimensional  finite  element  method.  However,  strictly 
speaking,  state  variations  of  various  materials  (paper 
carbonization,  melting  and  thermal  decomposition  of 
polyethylene,  and  variations  caused  to  magnesium  oxide 
due  to  dehydration  reaction  of  magnesium  hydroxide)  and 
variations  of  property  values  (specific  heat,  thermal 
conductivity  and  density)  caused  by  temperature  fluctu¬ 
ations  have  to  be  taken  into  consideration,  So  the 
analysis  was  complex.  For  these  reasons,  it  was  more 
useful  in  design  to  obtain  the  constants  needed  in 
calculations  that  could  well  explain  the  experimental 
results. 

Table  4  shows  the  thermal  conductivities  used  in 
the  calculations.  The  following  calculation  formula 
was  used  for  endothermic  reactions. 


Q  =  a-exp(b/T) 


Thermal  Conductivity 
(W/m/deg) 

Paper 

0.10 

Polyethylene 

0.22 

Stainless  Steel 

16 

Table  4  Thermal  Conductivities  used  in 
the  Calculation 


Time  (mi  n.  ) 


Q  :  Endothermic  rau  per  unit  weight. (Watt/g) 
T  :  Absolute  temperature  (K) 
a.b  :  Constant 


li20 

Mg(0H)2 

a  (Watt/g) 
b  (K) 

1.38X10"36 

31200 

2.56X10"11 

18000 

5.2  ANALYSIS  RESULTS 

Figure  4  showes  the  calculation  results  of  the 
temperature  inside  the  cable.  The  calculation  results 
show  values  higher  than  those  obtained  in  measurements. 


#i 

#3 

#4 

#6 

#7 

by  water  at  approx.  100’ C 

2 

3 

0 

0.8 

5 

by  Mg(0!l)9  at  approx.  400' C 
_ : _ 

0 

3.0 

7.1 

13 

13 

Unit  :  min. 


Figure  4  Calculated  Temperature  of  Cable  Center 


Table  5  Duration  of  Endothermic  Reaction  (by  calculation) 


International  Wire  &  Cable  Symposium  Proceedings  1990  687 


However,  all  the  test  results  can  be  expressed  uni- 
forily.  It  shows  that  a  nuierical  analysis  was 
possible  to  design  cables  of  different  constructions 
containing  paper  and  polyethylene. 

The  results  of  the  nuierical  analysis  showed  the 
following  : 

1)  The  teiperature  difference  between  the  outer  and 
inner  surfaces  of  the  inner  polyethylene  was  only 
several  centidegrees  in  its  thenal  conductivity, 
showing  heat  insulation  effects  could  be  expected 
nearly  at  all. 

2)  The  paper  thenal  conductivity  mst  be  estimated 
lower  than  those  lentioned  in  the  literatures. 

3)  If  a  water  content  of  paper  was  assuied  to  be  10 
wt.t,  the  cndothenic  reaction  at  approx.  100' C 
well  agreed  with  the  leasured  value. 

4)  If  the  endothenic  reaction  sustained  duration 
of  aagnesiui  hydroxide  was  assuied  as  the  tiie  froa 
the  teiperature  increase  speed  on  the  external 
surfaces  of  the  inner  polyethylene  becoiing  slow 
at  approx.  400' C  to  its  inner  surface  teiperature 
starting  to  rapidly  increase,  the  durations  with 
the  saiples  were  shown  in  Table  5.  It  showed  that 
the  sustained  durations  lengthen  larger  the  aiount 
of  aagnesiui  hydroxide  contained  in  unit  lengths  of 
the  saiples. 

5)  When  paper  (or  a  heat  insulator)  was  wrapped  inside 
of  polyethylene  containing  lagnesiui  hydroxide, 
because  the  teiperature  inside  the  paper  increased 
as  tiie  passed  even  if  the  teiperature  around  paper 
was  laintained  constant  by  the  heat  absorbing 
■aterial,  eventually  reaching  the  saie  teiperature, 
the  heat  insulation  effects  of  paper  were  siall. 

By  suppressing  the  heat  inflow  speed  by  wrapping 
paper  on  the  exteriors  of  the  cable,  the  effects  of 
the  endothenic  laterials  can  be  lengthened. 

6.  CONCLUSIONS 

The  above  results  lead  to  the  following  conclusions. 

1)  The  heat  insulation  effecs  of  paper  are  as  follows. 

High-density  paper  i:  flaie-retardant  paper 
>  conventional  paper 

2)  The  effects  of  the  water  contained  in  paper  on 
suppressing  teiperature  increases  cannot  be  ignored. 

3)  The  endothenic  reaction  effects  of  lagnesiui 
hydroxide  occur  in  approx.  400' C.  The  teiperature 
increase  suppression  duration  varies  with  the  aiount 
of  the  heat  absorption  in  unit  length  of  the  cable. 

4)  The  quantity  of  heat  flowing  in  can  be  suppressed 
to  lengthen  the  suppression  effects  of  heat  absorber 
by  wrapping  paper  on  rather  the  outer  surface  than 
the  inside  of  a  heat  absorber, 

In  this  study,  the  cable  design  with  new  insulation 
paper  and  polyethylene  containing  lagnesiui  hydroxide 
was  proposed  and  tested  for  fire-retardant  cable. 


The  teiperature  of  the  cable  center  was  below  420' C  in 
30  linutes,  then  optical  fibers  didn’t  break  and  its 
loss  didn’t  increase.  So  optical  fibers  enclosed  in 
the  cable  could  be  providing  high  lechanical  relia¬ 
bilities  even  during  a  fire. 
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DEGREE  OF  CURE  OFUV-CURED  OPTICAL  FIBER  COATING 
DETERMINED  BY  THERMAL  ANALYSIS  AND  PHOTOCALORIMETRY 


Sam  Huy,  Minoru  Chiba,  Tomonori  Hoihino, 
Osamu  Shimizu  and  Miiao  Hanoi 


Showa  Electric  Wire  A  Cable  Co.,  Ltd. 
Sagamihara,  Kanagawa,  Japan  229 


The  purpoee  of  thie  atudy  i*  to  establish  an  ea«y  evaluation 
tei.nnique  which  determines,  with  high  reproducibility  and 
reliability,  the  degree  of  cure  of  UV-cured  resin  coated  on  optical 
fibers.  We  carried  out  thermograviraetry/differential  thermal 
analysis  (TG-DTA)  for  such  evaluation,  and  studied  relations 
between  the  quantity  of  UV  irradiation  and  the  thermal 
decomposition  behavior  of  polymer  on  a  UV-curable  resin 
(urethane  acrylate).  A  characteristic  thermal  decomposition 
peak  was  observed  in  relation  with  the  quantity  of  UV 
irradiation  in  the  temperature  range  of 220  to  460°C.  It  was 
confirmed  that  the  method  can  be  applicable  to  evaluation  of  the 
degree  of  cure  of  UV-cured  resin  coated  on  optical  fibers.  It  was 
also  confirmed  that  the  degree  of  cure  of  UV-cured  resin  coated 
on  optical  fibers  can  evaluated  by  photocalorimetry  from  the 
ratio  of  residual  exothermic  heat  of  photopolymerization  emitted 
when  the  optical  fiber  coating  is  re-in-adiated  with  UV  to  the  heat 
of  photopolymerization  of  individual  UV-curable  resins. 


1.  Introduction 

Ultraviolet-curable  resins  (which  are  referred  to, 
hereinafter,  as  UV  resins)  are  being  used  as  coating  materials 
for  optical  fibers  because  of  their  quick-curing  character,  and 
the  use  of  such  resins  is  increasing  year  after  year  as  the  optical 
fiber  market  expands. 

The  properties  of  UV  resins  depend  much  on  the  degree  of 
cure,  and  it  is  necessary  to  control  the  degree  of  cure  to  obtain  UV 
resin  coated  optical  fibers  consistent  in  quality.  It  is  therefore 
important  to  establish  a  method  for  evaluating  the  degree  of  cure 
of  UV  resins  coated  on  optical  fibers  for  determination  of 
operating  conditions  of  drawing  and  coating  processes  and  for 
quality  control  during  production. 

The  degree  of  cure  of  UV  resins  in  sheet  form  can  be 
known  rather  easily  by  measuring  their  gel  fraction,  Young’s 
modulus  or  viscoelasticity.  For  UV  resins  coated  on  optical 
fibers,  however,  no  effective  method  has  been  established  mostly 
because  of  difficulty  of  sampling  which  caused  poor  accuracy 
and  reproducibility  of  measurement. 

The  purpose  of  this  study  is  to  establish  simple  and 
convenient  methods  for  evaluating  the  degree  of  cure  of  UV 
resins  coated  on  optical  fibers  at  high  reproducibility  and 
reliability,  which  are  applicable  even  to  multi-layered  coating. 
Methods  studied  here  are  the  thermogravimetry/differential 
thermal  analysis  (TG-DTA)  which  observes  the  thermal 


decomposition  behavior  and  the  photocalorimetric  analysis 
which  measures  exothermic  heat  associated  with 
photopolymerizatioh. 

Relations  between  the  degree  of  polymerization  or 
molecular  weight  and  the  thermal  decomposition  behavior  have 
been  studied  much  in  the  field  of  high  polymers  [1],  and 
differences  in  thermal  decomposition  behavior  by  the  degree  of 
polymerization  have  been  reported  on  methaciylic  and  acrylic 
polymers  which  are  similar  to  UV  resins  [2],  It  is  judged 
therefore  that  it  would  be  possible  to  distinguish  differences  in 
the  degree  of  cure  or  molecular  weight  associated  with 
irradiation  also  in  UV  resins.  The  photocalorimetry,  on  the 
other  hand,  is  studied  recently  as  an  effective  method  for 
checking  the  curability  in  the  fields  of  photosensitive  resins  and 
photoinitiators  [31. 

The  two  methods  mentioned  above  were  examined  and 
turned  out  to  be  effective  as  methods  for  evaluation  of.the  degree 
of  cure  of  UV  resins  coated  on  optical  fibers  aB  reported  below. 

2.  Experimental 

2.1  Specimens 

Three  urethane  acrylate  UV  resins,  two  (A  and  C)  for 
primary  and  one  (B)  for  buffer,  available  on  the  market  were 
used.  Optical  fibers  coated  with  UV  resins  (which  are  referred 
to,  hereinafter,  as  coated  fibers)  listed  in  Table  l  were  drawn  by 
dual  coating  and  UV  irradiation,  where  the  amount  of  UV 
irradiation  was  changed  by  adjusting  the  number  of  UV  lamps 
and  the  drawing  speed. 

Each  coated  fiber  was  made  to  be  125, 200  and  240  pm  in 
outer  diameters  of  the  fiber,  primary  layer  and  buffer  layer, 
respectively. 

Such  coated  fibers  were  cut  into  lengths  of  1  to  2  mm  to  use 
them  as  specimens  for  TG-DTA  and  phtotocalorimetric 
measurements.  In  preliminary  studies,  cured  sheet  samples  of 
100  pm  of  UV  resins  A,  B  and  C  were  cut  into  pieces  of  about  1 
mm  square  for  measurements.  Uncured  liquid  resins  were 
also  used  in  preliminary  studies  on  photocalorimetry. 

2.2  Apparatus  and  Conditions  of  Measurement 

A  TG-DTA  200  analyzer  of  MAC  Science  was  used  for  TG- 
DTA  analysis.  Measurements  were  made  in  the  atmosphere  of 
dry  high-purity  air  flowing  at  100  cc/min  while  the  temperature 
was  raised  from  room  temperature  to  8005C  at  a  rate  of  20°C/min. 
The  amount  of  specimen  was  about  4  mg  as  determined  from 
preliminary  studies  on  accuracy  and  reproducibility  of 
measurement.  The  value  of  DTG  (Differential 
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Thermogravimetry)  was  determined  using  the  software 
program  included  in  the  analyzer. 

Photocalorimetric  measurements  were  made  using  the 
combination  of  a  DSC3100  analyzer  and  a  UV9300  irradiator  of 
MAC  Science.  The  basic  principles  of  the  measuring  system  are 
shown  in  Fig.  1.  The  light  from  the  extra-high  pressure 
mercury  lamp  is  made  to  be  a  uniform  parallel  light  by  the 
optical  system  for  irradiation.  The  heat  from  the  light  source  is 
blocked  by  a  heat-cutting  filter.  An  interference  filter,  an  ND 
filter  and  an  electronically  controlled  shutter  are  used  to  control 
the  wavelength  of  irradiating  light,  the  amount  of  irradiation 
and  the  time  of  irradiation,  respectively. 

For  a  liquid  sample,  a  specimen  of  about  1  mg  was  coated 
thinly  and  uniformly  on  a  flat  aluminum  pan  so  that  the 
irradiating  light  reached  the  bottom  of  the  specimen. 

For  a  sample  of  coated  fiber,  pieces  of  specimens  were 
arranged  flat  orderly.  As  for  the  standard  sample,  the  same 
empty  aluminum  pan  as  those  used  for  specimens  was  used.  In 
order  to  minimize  cure  inhibition  caused  by  oxygen,  365-nm 
ultraviolet  light  of  1  mW/cm2  was  irradiated  for  measurement 
in  the  atmosphere  of  nitrogen  flowing  at  50  cc/min.  The 
temperature  was  maintained  constant  at  30°C. 


Compensating 

amplifier 


Fig.  1  Principles  of  photocalorimetry 

3.  Study  of  the  TG-DTA  Analysis 
3.1  Basic  Studies 

The  possibility  of  using  the  TG-DTA  analysis  as  a  method 
for  evaluating  the  degree  of  cure  of  UV  resins  was  studied. 
Thermal  decomposition  behaviors  common  to  and  different 
among  UV  resins  were  elucidated,  and  thermal  decomposition 
behaviors  of  UV  resins  different  in  the  degree  of  cure  were 
examined. 


3.1.1  Amount  of  Irradiation  and  Thermal  Decomposition 

Behaviors  of  UV  Resins 

Gel  fraction  and  Young’s  modulus  measured  on  UV  resin 
‘A’  indicate  that  they  are  saturated  at  irradiations  above  500 
mJ/cm2  (Fig.  2).  Such  trends  were  the  same  also  for  UV  resins 
‘B’  and  ‘C\  TG-DTA  measurements  were  made  therefore  on  UV 
resin  ‘A’  preparing  sheets  irradiated  to  100, 600  and  1000 
mJ/cm2.  Results  are  shown  in  Fig.  3  (a,  b,  c).  Effects  of 
irradiation  are  visible  on  peaks  occurring  between  300  and 
400°C.  For  the  sample  of  low  irradiation  (100  mJ/cm2),  the 
reduction  in  weight  and  the  rate  of  reduction  in  weight  are 
greater  than  those  of  samples  of  higher  irradiation  coming  from 
low  molecular  weight  components  and  unreacted  acrylic  group. 
When  samples  irradiated  to  500  and  1000  mJ/cm2  are  compared, 
a  difference  is  visible  in  the  size  of  peaks  occurring  around 
380°C  although  little  difference  was  recognizable  in 
conventional  measurements  of  gel  fraction  and  Young’s 
modulus. 


Fig.  2  Changes  in  gel  fraction  and  Young’s  modulus  by 
irradiation  in  UV  resin  ‘A’ 

o  :■  Young’s  modulus,  A  :  Gel  fraction 


The  TG-DTA  measurements  were  made  also  on  UV 
resins  'B'  and  ’C’  to  examine  their  thermal  decomposition 
behaviors  at  different  irradiations.  As  resins  were  irradiated 
more,  the  decomposition  peak  at  450°C  grew  in  resin  ‘B’  and  the 
decomposition  peak  at  420°C  grew  and  got  sharper  in  resin  ‘C’. 
As  for  temperatures  of  decomposition  peaks  of  respective  resins, 
that  of  resin  ‘B’  for  buffer  occurs  at  a  temperature  higher  than 
those  of  resins  ‘A’  and  ‘C’  for  primary.  It  is  estimated  that  such 
difference  in  the  temperature  of  decomposition  peak  comes  from 
the  ratio  and  kinds  of  soft  and  hard  segments  which  form  the 
molecular  structure  of  each  resin  [4,  5, 6]. 

As  discussed  above,  it  is  clear  that  the  change  in  the  degree 
of  cure  by  irradiation  is  properly  known  for  any  of  UV  resins 
‘A’,  ‘B’  and  ‘C’  from  information  of  their  thermal  decomposition 
behaviors  (DTG-DTA).  In  addition,  the  difference  in  the 
amount  of  irradiation  not  detectable  from  gel  fraction  or 
Young’s  modulus  is  detectable  from  DTG-DTA. 
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Fig.  3  Irradiation  and  thermal  decomposition  behaviors  of 
resin  'A1 

a:  TG,  b:  DTG,  c:  DTA 


Fig.  4  Thermal  analysis  of  'A/B'-coated  fibers  for  different 
relative  irradiation 

Relative  irradiation:  ©  :  0.5,  <Z> :  1.0, 0) :  1.5 
a:  TG,  b:  DTG,  c:  DTA 


3.2  Evaluation  of  Degree  of  Cure  of  Coated  Fiber* 

Based  on  the  data  that  the  degree  of  cure  of  UV  resins  is 
detectable  by  DTG-DTA  measurements,  such  measurements 
were  carried  out  on  coated  fibers  of  Table  1  Results  are  shown 
in  Fig.  4.  The  reduction  in  weight  (TG)  tends  to  be  constant  at 


about  55%  at  temperatures  600'C  and  higher  (Fig.  4a).  The 
reduction  corresponds  to  the  loss  of  resins,  or  the  weight  of  coated 
fibers  subtracted  by  that  of  fibers  (silica  glass).  Changes  in  TG 
by  irradiation  of ‘A'B’-costed  fibers  are  not  as  much  as  those 
observed  on  respective  resins  of  sheet  form.  In  DTG  (Fig.  4b), 
however,  the  peak  occurring  at  250°C  gets  to  be  lower  and  those  at 
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Table  1  UV  coated  fiber  samples 


Sample 

No. 

Primary  layer 
UV  resin 

Buffer  layer 
UV  resin 

Relative 

irradiation 

© 

A 

B 

0.5 

© 

A 

B 

1.0 

© 

A 

B 

1.5 

© 

C 

B 

0.5 

© 

C 

B 

1.0 

© 

C 

B 

1.5 

(Fiber  OD:  125  pm,  Primary  OD:  200  pm.  Buffer  OD:  240  pm) 


Changes  in  DTG  and  DTA  of 'C/B’-coated  fibers  by 
relative  irradiation  are  shown  in  Figs.  5a  and  5b.  Changes  are 
more  marked  than  those  in  ‘A/B’-coated  fibers.  The  peak  in 
DTA  at  230°C  gets  smaller  and  those  at  350  and  420°C  get  larger 
as  the  relative  irradiation  increases.  Changes  are  especially 
marked  in  the  peak  at  42Q'C. 

As  discussed  above,  it  is  possible,  by  DTG  and  DTA,  to 
evaluate  changes  in  the  degree  of  cure  associated  with 
irradiation  on  double-coated  fibers  where  optical  fibers  are 
coated  with  two  layers  of  resins  of  primary  and  buffer  layers.  It 
is  also  possible  to  estimate  the  state  of  cure  of  respective  layers  of 
double-coated  fibers  by  conducting  the  TG-DTA  analysis  of 
individual  resins  in  advance. 


380  and  410°C  get  to  be  higher  as  the  relative  irradiation 
increases.  Similar  trends  are  seen  also  in  DTA  (Fig.  4c).  It  is 
estimated  that  the  peak  at  380°C  which  changes  associated  with 
the  relative  irradiation  is  much  related  with  the  internal 
primary  layer  of  resin  ‘A*.  It  may  be  ascribable  to  the  fact  that 
the  level  of  cure  is  lower  in  the  internal  layer  under  a  low 
irradiation  for  the  method  of  dual  coating  where  the  primary 
and  buffer  layers  are  irradiated  at  a  time. 


Fig.  5  Thermal  analysis  of  ‘C/B’-coated  fibers  for  different 
relative  irradiation 

Relative  irradiation:  ®  :  0.5,  ®  :  1.0,  ®  :  1.5 
a:  DTG,  b:  DTA 


4,  Evaluation  of  Curing  by  Photocalorimetry 

The  photocalorimetry,  in  principle,  is  a  method  which 
measures  exothermic  heat  associated  with  photopolymerization. 
This  method  is  usable  to  study  curing  of  UV  resins  or 
exothermic  heat  associated  with  curing  and,  especially,  the 
reactivity  of  photoinitiators.  The  purpose  of  this  study  is  to 
examine  whether  it  is  possible  to  determine  the  component 
remained  unreacted  in  cured  resins  by  measuring  the  residual 
exothermic  heat  which  is  generated  by  re-irradiation. 

Fig.  6  shows  the  exothermic  change  and  the  time  of 
irradiation  measured  on  uncured  UV  resins  ‘A’,  ‘B*  and  ‘C’. 

The  exothermic  change  begins  as  soon  as  irradiation  begins 
indicating  the  start  of  photopolymerization.  The  exothermic 
heat  reaches  its  maximum  within  5  s,  but  it  takes  about  50  s 
before  the  exothermic  heat  returns  to  the  base  line,  i.e.,  before  the 
reaction  ended.  The  heat  of  reaction  associated  with 
photopolymerization  and  the  time  of  exothermic  heat  to  reach  its 
maximum  obtained  from  Fig.  6  are  given  in  Table  2  for 
respective  resins.  The  heat  of  reaction  is  the  greatest  in  resin  ‘B’ 
followed  by  resins  ‘C’  and  ‘A’  in  that  order.  Resin  ‘B’  for  buffer 
emits  more  heat  than  resins  ‘A’  and  ‘C’  for  primary.  Such 
differences  in  exothermic  heat  are  explained  by  kinds  of 
photoinitiators  and  contents  of  multifunctional  acrylates  which 
depend  on  resins. 
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Fig.  6  Change  in  DSC  of  resins  ‘A’,  ‘B’  and  ‘C’  (liquid)  under 
irradiation 
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Table  2  Heat  of  photopolymerization  and  reaction  time 


of  UV  resins 

UV  resin 

Heat 

(cal/g) 

Time  to  reach 
maximum  (s) 

A 

30.1 

4.1 

B 

45.4 

4.0 

C 

32.8 

3.8 

Results  of  measurements  on  ‘A/B’-  and  'C/B’-coated  fibers 
are  shown  in  Figs.  7  and  8,  respectively.  The  results  are 
showing  residual  exothermic  peaks  due  to  re-irradiation 
indicating  unreacted  or  uncured  portions  were  remaining  in 
cured  coatings.  The  residual  exothermic  peaks  by  re¬ 
irradiation  were  especially  large  in  samples  ®  and  0  which 
were  irradiated  at  low  doses.  It  is  possible,  in  addition,  to  obtain 
the  residual  rate,  X  (%),  of  unreacted  component  by  the  formula 
given  below  by  measuring  residual  exothermic  heat  of  re¬ 
irradiation  (Ws)  of  coated  fiber  samples: 


X= 


Ws 


«Wp  +  (l-oc)Wb 


100.. 


-d) 


where, 

Wp  =  exothermic  heat  of  primary  UV  resin  (cal/g), 
Wb  =  exothermic  heat  of  buffer  UV  resin  (cal/g),  and 


a  =  weight  ratio  of  the  primary  layer  to  the  whole 

coating  (which  is  about  0.6  for  specimens  used  in 
this  study). 


Values  of  Ws  and  X  obtained  for  coated  fiber  samples  are 
summarized  in  Table  3.  In  comparing  ‘A/B’-  and  ‘C/B’-coated 
fibers  in  Table  3,  the  rate  of  unreacted  component  is  greater  in 
‘A/B  -  than  in  ‘C/B’-coated  fibers  although  the  buffer  layer  and 
the  relative  irradiation  were  the  same  for  both.  This  indicates 
that  the  ‘C/B’-coated  fibers  are  more  suited  to  high-speed 
drawing  of  optical  fiber  than  the  ‘A/B’-coated  fibers. 


Fig.  7  Change  in  DSC  of 'A/B’-coated  fibers  by  relative 
irradiation 

It  is  possible  by  the  photocalorimetry  to  determine  the  state 
of  cure  of  the  whole  coating  but  it  is  difficult  to  estimate  the  state 
of  cure  individually  for  primary  and  buffer  layers.  It  has 
become  clear,  however,  that  the  method  of  photocalorimetry  can 
be  used  as  a  method  for  quantitatively  estimating  the  state  of 
cure  of  coated  fibers  meeting  the  purpose  of  this  study. 


Fig.  8  Change  in  DSC  of ‘C/B’-coated  fibers  by  relative 
irradiation 


Table  3  Relative  irradiation  and  state  of  cure  of  coated  fibers 


Sample 

No. 

Coated 

resins 

Relative 

irradia¬ 

tion 

Residual 

exothermic 

heat, 

Ws  (cal/g) 

Rate  of 
unreacted 
component, 
X(%) 

© 

A/B 

0.5 

11.9 

33 

© 

A/B 

1.0 

2.9 

7 

A/B 

1.6 

0.4 

1 

C/B 

0.5 

1.9 

5 

C/B 

1.0 

0.8 

2 

C/B 

1.5 

0.2 

0.5 

5.  Conclusion 

Methods  for  evaluating  the  degree  of  cure  of  UV  resins 
coated  on  optical  fibers  were  examined.  Methods  examined  here 
included  the  TG-DTA  method  which  observes  thermal 
decomposition  behaviors  of  UV  resins  and  the  photocalorimetiy 
for  determining  the  rate  of  unreacted  component  remaining  in 
UV- cured  coating. 

By  the  TG-DTA  method,  it  was  possible  to  see  differences 
in  the  state  of  cure  even  in  high  irradiation  ranges  where 
Young’s  modulus  is  saturated.  Double-coated  optical  fibers  were 
used  as  samples  as  they  were.  TG-DTA  decomposition  peaks 
markedly  changed  in  the  range  of  220  to  450°C  according  to  the 
state  of  cure  of  respective  resins,  and  it  was  possible  to  estimate 
the  state  of  cure  of  respective  layers. 

The  study  on  photocalorimetry  indicated  that  the  method  is 
usable  to  determine  the  degree  of  cure  of  coated  fibers.  It  will 
therefore  be  possible  to  use  these  methods  for  selecting  UV  resins 
suitable  for  high-speed  drawing  of  optical  fibers. 

The  TG-TDA  method  and  the  method  of  photocalorimetry 
are  recommended  as  methods  of  high  reproducibility  and 
reliability  for  evaluating  the  degree  of  cure  of  UV  resins  coated 
on  optical  fibers. 

It  has  also  been  confirmed  that  these  methods  are 
applicable  not  only  to  acrylic  UV  resins  but  also  to  other  UV 
resins. 
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Abstract 


Instrument 


In  recent  years,  as  the  line  speeds 
of  drawing  fiber  has  been  increasing, 
faster-curing  coatings  are  required. 

In  the  process  of  optimizing  these 
new  coatings,  it  has  become  important  to 
analyze  the  kinetic  curing  characteris¬ 
tics  of  these  materials. 

Also,  information  on  the  curing  be¬ 
havior  of  coatings  is  important  for 
cable  manufacturers. 

The  purpose  of  this  study  is  to  ex¬ 
amine  the  curing  behavior  of  optical 
fiber  coatings  using  a  newly  developed 
thermal  analyzer. 


Introduction 

Ultraviolet  curable  coatings  for 
protecting  optical  fibers  are  widely 
used  throughout  the  world.  These  coat¬ 
ings  enable  fiber  manufacturers  to 
produce  high  performance  optical  fibers 
at  rapid  line  speeds  with  easy  handling. 

Over  the  years,  the  manufacturers 
have  been  required  to  increase  the  line 
speed  of  drawing  fiber,  currently 
achieving  rates  as  high  as  12  m/sec' '. 
In  these  situations,  faster  curing  coat¬ 
ings  are  required. 

In  the  process  of  optimizing  these 
new  coatings,  it  has  become  important  to 
analyze  the  kinetic  curing  characteris¬ 
tics  of  these  coatings.  Furthermore,  in 
the  process  of  designing  curing  systems 
suitable  for  these  coatings,  information 
on  the  curing  behavior  of  the  coatings, ( 
for  example,  induction  time,  reaction 
rate  constant  and  photochemical  after¬ 
effect  )  is  important. 

This  paper  reports  a  new  technique 
for  measuring  the  heat  of  photo¬ 
polymerization  and  new  information  on 
the  curing  behavior  of  optical  fiber 
coatings. 


A  new  thermal  analyzer  shown  in 
Figure  1  ,  was  developed  for  this 
study**'.  This  analyzer  consists  of  a  UV 
lamp,  a  shutter,  a  heat  sensor,  and  an 
analyzing  recorder. 

The  main  feature  of  this  analyzer 
is  to  have  the  coating  sample  in  contact 
with  the  sensor  surface  during  irradia¬ 
tion.  This  intimate  contact  results  in 
an  extremely  short  response  time  to  the 
thermal  changes  occurring  in  the  sample. 

The  sensor  shown  in  Figure  2  is 
made  of  tungsten  in  the  shape  of  a  heli¬ 
cal  filament.  The  filament  is  submerged 
in  the  coating  under  examination. 

The  heat  generated  during  the 
polymerization  process  causes  a  change 
in  the  electrical  resistance  of  the 
tungsten  filament.  This  change  in  resis¬ 
tance  is  transformed  to  a  voltage  change 
by  the  bridge  circuit.  The  voltage 
change  is  stored  in  one  channel  on  the 
analyzing  recorder. 

Temperature  changes  are  calculated 
from  the  voltage  change  using  a  conver¬ 
sion  factor  calculated  from  the  bridge 
circuit  conversion  factor  and  the 
thermo-resistance  constant  of  the 
tungsten  filament  (  3450  ppm/t). 

A  standard  UV  curing  lamp  used  by 
the  manufacturers  of  optical  fiber  was 
employed  for  this  study. 

Two  type  of  shutters  are  mounted  on 
this  instrument  :  One  is  a  mechanical 
shutter  used  for  exact  control  of  UV  ir¬ 
radiation  time,  the  other  is  a  rotary 
disk  shutter  which  is  used  for  control 
of  intermittent  UV  irradiation. 

An  optical  fiber  is  used  to  trans¬ 
mit  light  from  the  sample-sensor  chamber 
to  the  optical  power  meter.  The  light 
intensity  change  during  experimentation 
is  transformed  to  voltage  change  with 
the  optical  power  meter.  The  voltage 
change  due  to  light  intensity  change  is 
stored  in  the  other  channel  on  the 
analyzing  recorder.  The  power  meter 
detects  the  precise  moment  when  the  ir- 
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radiation  starts  and  also  measure  the 
light  intensity. 


Experiment 

Samples 

Three  samples  were  prepared  for 
this  study.  Sample  A,  a  newly  developed 
UV  curable  primary  coating,  containing 
the  followings  :  polyether  urethaneacry- 
late,  monofunctional  acrylate  monomer 
and  photoinitiator.  Concentration  of  the 
reactive  acrylate  double  bonds  in  sample 
A  is  1.76  mmol/g. 

Sample  B  is  a  newly  developed 
secondary  coating.  Sample  C  is  a  stand¬ 
ard  UV  curable  secondary  coating.  Both 
secondary  coatings  consist  of  the  fol¬ 
lowing  :  polyether  urethaneacrylate, 
monofunctional  monomer,  polyfunctional 
acrylate  monomer  and  photoinitiator. 

Concentration  of  the  reactive 
double  bonds  in  sample  B  and  sample  C  is 
3.35  mmol/g  and  3.82  mmol/g,  respec¬ 
tively. 

Test  Conditions 

The  samples  were  irradiated  with  UV 
light  in  a  nitrogen  atmosphere  at  room 
temperature.  Irradiation  time  was  varied 
between  200  msec  and  4000  msec  by  chang¬ 
ing  the  shutter  speed.  UV  intensity  was 
varied  between  10  mW/cm2  and  300  mW/cm2 
by  changing  the  input  power  to  UV  lamp 
and  by  use  of  a  metal  mesh  filter  in¬ 
serted  between  the  UV  lamp  and  the  shut¬ 
ter.  Value  of  UV  intensity  were  checked 
with  commercial  UV  power  meter. 


Results  and  Discussion 

The  heat  of  polymerization 

Figure  3  shows  a  typical  tempera¬ 
ture  transient  curve  measured  by  this 
instrument.  The  upper  line  in  the  figure 
shows  the  temperature  transient  of  a 
sample  at  first  UV  irradiation.  The 
base  line  shows  the  temperature  tran¬ 
sient  of  a  fully  cured  sample  which  gen¬ 
erates  no  heat  of  polymerization. 

The  lower  trapezoidal  line  shows 
the  light  intensity  transient  at  first 
UV  irradiation. 

The  temperature  difference  between 
the  upper  line  and  the  base  line  cor¬ 
responds  to  the  heat  of  polymerization. 

Experimental  values  of  the  heat  of 
polymerization  are  obtained  from  the 
following  equation  : 


dHm  =  dTm  x  Cp  ( I  ] 


where  dHm  (cal/g)  is  the  experimental 
value  of  the  heat  of  polymerization,  dTm 


Cc)  is  the  temperature  difference  be¬ 
tween  the  base  line  and  the  exotherm 
trace,  and  Cp  (cal/gt)  is  the  specific 
heat  of  the  sample. 

Theoretically  the  heat  of 
polymerization  is  calculated  from  the 
following  equation  : 


dHc  =  Cd  x  dHd  [II] 


where  dHc  (cal/g)  is  the  calculated 
value  of  the  heat  of  polymerization,  Cd 
(mmol/g)  is  the  concentration  of  double 
bonds  in  the  sample  and  dHd  (18.6 
kcal/mol)  is  the  heat  of  polymerization 
for  acrylic  double  bond  per  1  mol. 

A  comparison  between  the  experimen¬ 
tal  values  and  calculated  values  of 
sample  A  and  B  are  shown  in  Table  1  . 
Close  agreement  between  the  experimental 
value  and  the  calculated  value  is  ob¬ 
tained. 

Reaction  rate  constant  and  induction 
time 

Conversion  of  polymerization  is 
generally  given  by  the  following  equa¬ 
tion  assuming  that  photopolymerization 
proceeds  by  a  first  order  reaction  : 

P(t)  =  1  -  e"k(t~to)  [III] 


where  P(t)  is  conversion  of  polymeriza¬ 
tion  at  time  t,  k  is  the  reaction  rate 
constant  of  polymerization,  t  is  the  ir¬ 
radiation  time  and  to  is  the  induction 
time.  In  this  experiment,  conversion  of 
polymerization  is  given  by  : 


P(t)  =  dT(t)/dT(oo)  [IV] 


where  dT(t)  and  dT(ao)  are  the  difference 
in  temperature  between  the  base  line  and 
exotherm  trace  at  time  t  and  at  infinite 
time  respectively. 

Reaction  rate  constant  and  induc¬ 
tion  time  can  be  calculated  from  the 
three  determined  temperature  value 
using  the  following  equations  : 

dT(t* )dT(t,)-dT(t?)2 

dT(oo)  - - 1 - - - - -  [V] 

dT(t.,  )-2dT(t2)+dT(t3) 


1  dT(ao) -dT(  ti  ) 

k  =  - ln-< - V  [VI] 

dt  dTfoo)  -dT(  t2 ) 
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The  temperature  transient  curves 
for  the  two  secondary  coatings  are  shown 
in  Figure  4.  In  the  figure,  reaction 
rate  constant  and  induction  time  are 
shown. 

From  the  results,  it  is  clear  that 
newly  developed  secondary  coating 
(sample  B)  shows  a  k  value  about  1.5 
times  as  high  as  the  standard  coating 
(sample  C)  and  shows  an  induction  time 
about  0.5  times  as  short  as  the  standard 
coating. 


Intensity  dependence 

Induction  time  and  reaction  rate 


constant  dependence  on  UV  intensity  were 
investigated  by  measuring  the  heat  of 
polymerization  under  several  different 
UV  intensities. 


Figure  5  shows  the  relationship  be¬ 
tween  the  induction  time  and  UV  inten¬ 


sity.  Assuming  the  UV  intensity  during 
fiber  drawing  is  typically  2000  mW/cm2, 
the  estimated  induction  time  of  a  stand¬ 


ard  coating  is  4.5  msec.  The  induction 
time  for  a  newly  developed  secondary 
coating  exposed  to  the  same  UV  intensity 
is  estimated  to  be  1.5  msec. 


The  results  show  that  a  standard  UV 


curable  coating  needs  at  least  3  msec 
more  UV  irradiation  than  the  newly 
developed  UV  curable  coating  before 
polymerization  takes  place. 

For  instance,  fiber  drawing  speed 
at  600  m/min,  the  time  of  3  msec  cor¬ 


responds  to  one  eighth  of  total  transit 
time  of  25  cm  length  lamp  system. 


Figure  6  shows  the  relationship  be¬ 
tween  the  reaction  rate  constant  and  UV 
intensity.  The  slope  of  the  line  in  the 
Figure  is  0.9.  This  value  shows  that  the 
reaction  rate  constant  is  in  proportion 
to  the  0.9th  power  of  the  UV  intensity. 

It  is  said  that  when  termination 
reaction  is  occurring  between  twc 
propagation  radicals  in  polymerization, 
that  is  to  say  bimolecular  termination, 
the  slope  becomes  0.53'. 

When  the  termination  reaction  oc¬ 
curs  at  one  propagation  radical,  that  is 
to  say  unimolecular  termination,  the 
slope  becomes  1.0. 

Consequently  the  experimental  value 
suggests  that  unimolecular  termination 
is  predominant  in  the  termination  reac¬ 
tion  of  the  polymerization.  This  result 
means  that  polymerization  reaction  of 
this  coating  is  strongly  affected  by 
polymerization  inhibitor. 


Photochemical  after-effect 

Figure  7  shows  the  temperature 
transient  curve  of  the  sample  C  under 
intermittent  UV  irradiation.  The 
photochemical  after-effect  is  observed 
to  continue  for  more  than  100  msec  at 
lOOmW/cm  .  And  induction  time  is  ob¬ 
served  again  in  the  second  irradiation. 

Results  of  this  experiment  (  Ir¬ 
radiation  time  :  170  msec,  darkness  : 
340  msec  )  at  several  UV  intensities 
shown  in  Table  2. 

As  increasing  UV  intensity,  the 
period  of  photochemical  after-effect  in¬ 
creases.  This  result  suggests  that  the 
polymerization  reaction  continues  over  a 
longer  period  after  UV  irradiation  in 
the  curing  system. 


Conclusion 

In  conclusion,  a  new  thermal 
analyzer,  having  a  very  short  response 
time,  has  been  developed  to  measure  the 
heat  of  polymerization  duiing  UV  curing. 
This  analyzer  provided  the  following 
useful  information  on  the  curing  be¬ 
havior  of  optical  fiber  coatings  : 

1 )  The  induction  time  of  a  standard  and 
a  newly  developed  secondary  coating,  is 
estimated  to  be  4.5  and  1.5  msec  respec¬ 
tively  at  2000mW/cm2  UV  intensity. 

2)  From  the  relationship  between  reac¬ 
tion  rate  constant  and  UV  intensity,  it 
is  implied  that  unimolecular  termination 
is  predominant  in  the  termination  reac¬ 
tion  of  the  optical  fiber  coatings 
studied. 

3)  The  photochemical  postcure-effect 
continues  for  more  than  100  msec  at 
lOOmW/cm2  UV  intensity. 
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AMTftACT 

»»n*itlvlty  1»  «n  important  concern  for  optical  fiber 
manufacturer*.  Absorbed  water  has  been  shown  to  have  a 
corrosive  effect  on  qlaes  and  to  increase  optical  attenuation 
of  the  glass  fiber  by  causing  disenslonai  changes.  Water 
sensitivity  has  also  been  postulated  to  have  an  effect  on  the 
hydrolytic  stability  of  the  coating.  Hydrolytic  stability 
reflects  the  ability  of  water  inside  the  coating  Matrix  to 
hydrolyte  the  polyser  backbone,  thus  decreasing  cross-link 
density  and  causing  degradation  of  the  coating.  Therefore,  a 
thorough  study  of  water  sensitivity  was  performed  to  help 
understand  the  relationship  of  water  absorption  to  cured 
coating  stability.  After  establishing  a  ranking  of  water 
absorption,  a  correlation  between  this  property  and  hydrolytic 
stability  was  sought.  The  test  results  lead  us  to  conclude 
that  water  absorption  has  little  correlation  with  coating 
hydrolytic  stability.  Instead,  chemical  structure  of  the 
coating  composition  has  a  profound  influence  on  the  hydrolytic 
stability. 


INTRODUCTION 

The  use  of  acrylate  photopolymers  as 
protective  coatings  for  silica  glass 
fibers  is  well  established  in  long- 
haul  telecommunications.  These 
materials  offer  performance 
advantages  over  other  technologies  in 
processing  speed,  low  added 
attenuation  over  temperature  and 
humidity  extremes,  mechanical 
protection  of  the  glass,  and 
controlled  strippability  for  fiber 
splicing. 

As  this  technology  is  advancing  into 
other  areas,  i.e.  LAN,  submarine, 
sensor,  OPGW,  and  other  applications, 
reliability  of  the  coatings  and 
lifetime  prediction  under  adverse 
environments  have  increased  in 
importance.  In  "Fiber  to  the  Home" 
design,  the  cost  for  a  buried  drop¬ 
line  to  each  residential  subscriber 
is  estimated  to  .be  between  $100  - 
$2001.  Coating  requirements  for 
these  demanding  applications  have 
been  reviewed  by  Kar2. 


Major  areas  of  study  in  the  field  of 
environmental  degradation  of  the 
organic  polymer  include:  thermal  and 
thermo-oxidative  aging3  * 4  and 
stabilization  using  antioxidants5*6, 
chemical  effects  due  to  short-term 
exposure  to  clearing  solvents,  fuels 
and  insecticides”  and  effects  of 
moisture  on  both  silica  glass  and 
polymer. 

Silica  glass  fiber  is  well-known  to 
degrade  in  moist  environments  due  to 
stress  induced  corrosion  of  surface 
defects  produced  as  an  artifact  of 
the  drawing  process.8-11  The  effects 
of  temperature12  and  pH13  on  static 
fatigue  have  also  been  studied. 
Recent  review  papers  by  Kurkjian14 
and  DiMarcello15  highlight  the 
present  level  of  understanding  the 
factors  influencing  fiber  strength 
and  fatigue  as  well  as  meaningful 
methods  for  measuring  effects  in 
short  time  spans.  . 

In  moist  environments,  the  organic 
coating  preserves  fiber  strength  by 
serving  as  a  barrier  to  water. 
However,  equilibrium  uptake  is 
generally  reached  within  a  6  to  24 
hour  period  after  immersion  in  23 ’C 
water.  The  coating  may  also  undergo 
temporary  or  permanent  dimensional 
changes  due  to  absorption  or 
extraction  that  may  also  introduce 
stresses  to  the  glass.  Finally,  the 
polymer  may  degrade  via  hydrolysis 
leading  to  diminishing  of  mechanical 
strength  as  cross-link  density  is 
lost. 

Two  methods  are  widely  used  to 
correlate  the  effects  of  water  on 
fiber  performance.  One  method, 
described  below,  is  derivative  of  a 
test  used  in  the  plastics  industry16 
while  the  other  measures  attenuation 
as  a  function  of  time  stored  within, 
and  temperature  of  the  immersion 
fluid17.  It  is  significant  that 
neither  protocol  differentiates 
between  absorption  phenomena  and 
major  mechanical  changes  in  coating 
performance. 
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It  has  been  postulated  that  there  is 
a  correlation  between  water 
absorption  and  hydrolytic  stability 
in  optical  fiber  coatings.18  In  this 
paper,  an  attempt  is  made  to 
correlate  absorption  with  hydrolytic 
stability.  Changes  in  the  mechanical 
behavior  of  the  specimens  were 
monitored  by  Dynamic  Mechanical 
Analysis  (DMA).  Hydrolytic  stability 
was  assessed  by  examining  the 
equilibrium  modulus  values  of  exposed 
and  control  sample  made  from  the  same 
film  to  minimize  differences  in 
preparation . 

Dual  coat  construction,  which 
includes  a  low  modulus  primary  and  a 
high  modulus  secondary  coating,  is  a 
widely  used  fiber  structure.  For 
this  preliminary  study,  only  primary 
coatings  were  examined. 

EXPERIMENTAL 

The  oligomers  were  prepared  in  a 
similar  manner  using  reactants  as 
obtained  from  the  manufacturer 
without  further  purification.  The 
molar  ratio  of  diol,  di isocyanate  and 
hydroxyethyl  acrylate  were  1:2:2  in 
each  case. 

Coating  Preparation 

See  Table  I  for  the  coating 
compositions  that  were  tested. 

The  oligomers  were  weighed  into 
eight-ounce  lined  steel  cans.  The 
remaining  ingredients  were  added  and 
the  cans  placed  in  a  65 *C  oven  for 
one  hour.  The  contents  were  then 
blended  with  an  air  mixer 
manufactured  by  Arrow  Engineering 
Co.,  Inc.  for  fifteen  minutes  on  a 
hot  plate.  Each  solution  was 
filtered  through  an  extra-fine  ADTEC 
filter  cone  into  a  new,  cleaned, 
lined  steel  can  and  was  centrifuged 
in  an  International  IEC  Centrifuge 
(Universal  Model  UV)  at  1500  rpm  for 
five  minutes  to  remove  the  bubbles. 


Film  Preparation 

Each  coating  was  drawn  down  on  a 
clean  9"  x  12"  glass  plate  using  a 
Pacific  Scientific  Automatic  Drawdown 
Apparatus  and  either  a  Gardner  3  mil 
or  10  mil  bird  bar  film  applicator. 
The  films  were  cured  under  a  8  fm 
nitrogen  blanket.  The  cure  dose  was 
1.0  J/cm2  as  measured  by  an 
International  Light  Inc.  IL370  Light 
Bug,  which  measures  light  in  the  257- 


390  wavelength  range.  A  Fusion  "D" 
bulb  on  a  Fusion  Systems  Model  K523/2 
Fusion  Unit  was  used.  Two  films  for 
each  coating  sample  were  obtained. 
The  10  mil  films  were  used  for 
maximum  water  absorption  and  both  10 
mil  and  3  mil  films  were  used  for 
aging. 


Water  Absorption 

Each  water  absorption  sample  was  cut 
into  a  set  of  three  1"  x  1"  samples. 
All  these  samples  were  dried  in  a 
65 *C  oven  for  one  hour  and  then 
cooled  in  a  desiccator  for  ten 
minutes.  Each  sample  square  was 
weighed  to  the  nearest  ten- 
thousandths  of  a  gram  and  then 
submerged  in  an  eight-ounce  jar  of 
deionized  water  and  weighed  at 
intervals  until  a  peak  water 
absorption  was  obtained.  The  surface 
moisture  was  removed  from  each  sample 
before  weighing  by  patting  dry  with  a 
Kirn-Wipe  tissue.  This  weight  gain  is 
recorded  as  a  percentage  of  the 
initial  dry  weight  of  the  sample  and 
is  reported  in  the  discussion. 


Dynamic  Mechanical  Analysis 

Each  aging  sample  plate  was  cut  into 
10-12  1/2"  x  8"  rectangular  strips 
for  Dynamic  Mechanical  Analysis  (DMA) 
before  and  after  aging.  One  strip 
from  each  coating  was  aged  for  33 
days  at  95*C  dry  heat  to  eliminate 
the  thermal  aspect  of  the  humidity 
test.  The  other  samples  were  exposed 
to  an  atmosphere  of  95*C,  95% 
relative  humidity  for  various  lengths 
of  time.  A  Blue  M  Temperature 
/Humidity  Chamber  Model  FR  251C  240V 
was  used  to  provide  the  atmosphere. 

Rheometric  data  was  obtained  from  a 
Rheometrics  Linear  Rheometer  by 
Rheometrics,  Inc.,  Model  RDSLA. 
Temperature  sweeps  were  employed  on 
all  aged  and  unaged  samples,  starting 
and  finishing  at  appropriate 
temperatures.  The  frequency  was  set 
at  1.0  radian/second.  Data  values  of 
E',  E"  and  tan  delta  were  printed  and 
plotted  at  two  degree  intervals. 

Before  starting  a  sweep,  the  sample 
was  preheated  to  80* C  for  a  minimum 
of  five  minutes  in  the  dry  nitrogen 
atmosphere  (1%  RH)  of  the  rheometer's 
environmental  chamber  to  remove  water 
that  may  be  present  and  act  as  a 
plasticizer. 
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RESULTS  AND  DISCUSSION 

The  water  absorption  data  for  the 
primary  coating  is  presented  in  Table 
II.  The  values  reported  here  are  for 
the  maximum  absorption  which  may 
occur  before  24  hours.  Coatings  l 
(polyether  oligomer  based)  and  3 
(polyester  oligomer  based)  have  high 
water  absorption  values  (>2) ,  whereas 
Coatings  2  (polyether-oligomer  based) 
and  4  (polyester-oligomer  based)  have 
low  water  absorption  values  (<1).  It 
will  be  seen  later  on  that  low  HjO 
absorption  does  not  necessarily 
result  in  high  hydrolytic  stability. 
The  initial  dynamic  mechanical 
analysis  (DMA)  curves  for  these  four 
coatings  are  shown  in  Figures  1 
through  4.  All  of  these  coatings 
have  low  equilibrium  moduli  (in  the 
range  of  2«1  to  3*5  MPa)  and  low 
glass  transition  temperatures  (tan  S 
peak),  Tg.  The  equilibrium  modulus 
(Eo)  is  related  to  cross-link  density 
(x)  through  the  following 
relationship1®: 

X  ■=  Eq  Where  k  is  Boltzmann's 

6kT  constant  with  a  value  of 
1.38  x  10"16  erg/K,  t  is 
temperature  in  K,  and  X  is 
number  of  cross-links  per 
cm3. 

It  assumes  that  (i)  Poisson  Ratio  = 
0.5;  (ii)  chain  ends  are  tied  into 
the  network;  and  (iii)  the  ratio  of 
mean  square  distance  between  the 
cross-linking  points  to  the  mean 
square  er.d  to  end  distance  of  the 
cross-linked  chaxns  in  space  is  1*0. 

The  DMA  curves  for  the  aged  films  are 
presented  in  Figures  1A-1G,  Figures 
2A-2G,  Figures  3A-3G,  and  Figures  4A- 
4F. 

Initial  DMA  experiments  were 
conducted  for  longer  periods  of  time 
(144  hours  or  greater)  on  3  mil  thick 
film  specimens.  Due  to  handling 
problems  with  the  degraded  samples, 
subsequent  studies  (<144  hours) 
utilized  10  mil  thick  specimens.  A 
study  of  3  and  10  mil  samples  aged 
for  144  hours  showed  no  significant 
differences  in  their  aging  behavior. 

The  DMA  curves  were  measured  after  a 
minimum  of  eight  hours  of  aging  and  a 
maximum  of  624  hours  of  aging.  The 
moduli  and  tan  S  values  are  summar¬ 
ized  in  Tables  III  to  VI.  An 
examination  of  the  samples  aged  at 
95’C  dry  heat  for  33  days  showed  no 
significant  change  in  the  Eo  values 
compared  to  the  unaged  control 
samples  for  all  four  coatings. 


First,  let  us  consider  the  high  water 
absorption  Coatings  1  and  3.  Data 
from  Figures  1A-1G  and  Table  III 
shows  that  there  is  very  little 
change  in  dynamic  mechanical 
properties  for  Coating  1  (polyether 

based)  upon  aging  up  to  624  hours. 
The  Eo  values  remain  practically 
constant  for  the  entire  aging  period 
indicating  no  hydrolytic  degradation 
of  the  coating.  In  contrast,  Coating 
3  (polyester  based)  exhibits  (Figures 
3A-3G  and  Table  V)  a  steady  decrease 
in  Eo  (up  to  -84%  for  624  hours). 
The  decrease  in  Eo  values  is  due  to 
hydrolytic  degradation  (chain 
cleavage)  of  the  coating.  So, 
despite  the  fact  that  the  two 
coatings  have  very  similar  water 
absorption  values,  they  still  have 
very  different  hydrolytic  stabilities 
based  on  their  chemical  compositions. 
Ether  linkages  -c-0-C-  are  more 
stable  to  hydrolytic  degradation  than 
the  ester  linkages  RCOOR. 

The  results  of  aging  for  low  H20 
absorption  Coating  2  (polyether 
based)  and  4  (polyester  based)  are 
presented  in  Figures  2A-2G,  Table  IV 
and  Figures  4A-4F,  Table  VI, 
respectively. 

The  polyether-based  Coating  2  shows 
very  small  changes  in  Eo  and  tan  6 
values.  In  comparison,  polyester- 
based  Coating  4  exhibits  a  large 
decrease  (-82%)  in  equilibrium 
modulus.  This  decrease  is  again  due 
to  hydrolytic  degradation  of  the 
polyester-based  coating. 

The  results  of  this  study  have  shown 
that  the  hydrolytic  stability  of  a 
coating  is  not  solely  dependent  on 
the  extent  of  H20  absorption. 
Instead,  it  is  dependent  on  the 
chemical  composition  of  the  coating. 
This  point  is  clearly  illustrated  in 
Figure  5,  which  is  a  plot  of  cross¬ 
link  density  versus  the  hydrolysis 
time.  This  plot  was  constructed  from 
the  data  presented  in  Tables  VII  to 
X.  It  can  be  seen  from  Figure  5 
that,  for  both  high  (#1)  and  low  (#2) 
water  absorption  polyether-based 
coatings,  there  is  essentially  no 
change  in  cross-link  density 
indicating  absence  of  degradation. 
The  high  (#3)  and  low  (#4)  water 
absorption  polyester-based  coatings, 
on  the  other  hand,  show  a  very  sharp 

decrease  in  cross-link  density  as  a 
function  of  hydrolysis  time.  The 
decrease,  as  explained  earlier,  is 
due  to  hydrolysis  of  the  susceptible 
polyester  linkage. 
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The  cross-link  density  vs.  time  plots 
for  coatings  3  and  4  (Figure  5)  show 
a  steady  decrease  in  crosslink 
density  for  the  first  72  hours.  A 
linear  regression  of  the  data  for 
this  time  .period  gives  slopes  of  - 
8.78  x  101'  and  -7.93  x  1017  cross¬ 
links  per  cm3  per  hour  for  coatings  3 
and  4  respectively.  The  correlation 
coefficients  were  -0.98  and  -0.95, 
which  implies  a  linear  decrease  of 
number  of  cross-links  as  a  function 
of  time.  The  slopes  represent  the 
loss  of  number  of  cross-links  per  cm3 
per  hour  and  can  be  considered  to  be 
pseudo  hydrolysis  rate  constants . 
For  both  high  and  low  water 
absorption  polyester  coating  systems, 
the  hydrolysis  pseudo  rate  constants 
are  very  similar  to  each  other  for 
the  first  72  hours.  Both  high  and 
low  water  absorption  polyether 
coating  systems  show  a  substantially 
lower  pseudo  hydrolysis  rate  constant 
(almost  zero). 


CONCLUSION 

The  above  data  indicate  that  there  is 
little,  if  any,  correlation  between 
water  absorption  and  hydrolytic 
stability  in  optical  fiber  coatings. 
There  is,  however,  good  correlation 
between  chemical  composition  and 
hydrolytic  stability  in  these 
coatings.  Coatings  using  polyether- 
based  oligomers  are  shown  to  be  much 
more  hydrolytically  stable  than  those 
using  unblocked  polyester-based 
oligomers,  regardless  of  water 
absorption  values. 

We  are  currently  conducting  similar 
studies  on  other  chemical  backbones, 
such  as  polycaprolactones , 
polycarbonates  and  polyolefins  in 
order  to  compare  their  intrinsic 
hydrolytic  stability  to  that  of 
polyethers  and  polyesters. 
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APPENDIX  A 


Synthesis  of  Polyether  Urethane 
Acrylate 

Isophorone  diisocyanate  (75.4  g), 
phenothiazine  (0.1  g) ,  and  dibutyltin 
dilaurate  (0.12  g)  were  charged  to  a 
1  liter  4-necked  round  bottom  glass 
flask  equipped  with  a  mechanical 
stirrer,  dry  air  sparge,  addition 
funnel,  thermometer,  reflux 
condenser,  and  a  heating  mantle.  The 
mixture  was  stirred  at  120  rpm,  and 
2-hydroxyethyl  acrylate  (33.2  g)  was 
added  from  the  addition  funnel  over  a 
one-hour  period.  After  three  hours 
at  25 ”c,  a  0.63  g  sample  was  removed 
for  %  NCO  analysis.  The  result  from 
the  analysis  showed  the  intermediate 
product  to  have  15.00  %  free 
isocyanate  versus  a  theoretical  value 
of  15.05  %.  An  additional  amount  of 
dibutyltin  dilaurate  (0.19  g)  was 
then  added  to  the  flask,  the  stirring 
rate  was  increased  to  200  rpm,  and 
the  contents  were  heated  to  50 *C. 
Polytetrahydrofuran  1000  from  BASF 
Corp.  (385.9  g,  OH#  =  56.0  mg  KOH/g), 


preheated  to  60 "C,  was  added  over  a 
period  of  45  minutes  with  the 
exotherm  raising  the  temperature  to 
S0*C.  The  contents  were  held  at  80 *C 
for  one  hour,  and  a  final  analysis 
showed  the  free  isocyanate  content  to 
be  less  than  0.1  %.  The  theoretical 
structure  for  the  oligomer  is  shown 
below. 


Theoretical  Structure  of  Polyether 
Urethane  Acrylate: 


u 
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APPENDIX  B 


Synthesis  of  Polyester  Urethane 
Acrylate 

Isophorone  diisocyanate  (74.6  g) , 
phenothiazine  (0.1  g) ,  and  dibutyltin 
dilaurate  (0.12  g)  were  charged  to  a 
1  liter  4-necked  round  bottom  glass 
flask  equipped  with  a  mechanical 
stirrer,  dry  air  sparge,  addition 
funnel,  thermometer,  reflux 

condenser,  and  a  heating  mantle.  The 
mixture  was  stirred  at  120  rpm,  and 
2-hydroxyethyl  acrylate  (33.2  g)  was 
added  from  the  addition  funnel  over  a 
47  minute  period.  After  three  hours 
at  25"c,  a  0.34  g  sample  was  removed 
for  %  NCO  analysis.  The  result  from 
the  analysis  showed  the  intermediate 
product  to  have  14.77  %  free 

isocyanate  versus  a  theoretical  value 
of  14.87%.  An  additional  amount  of 
dibutyltin  dilaurate  (0.19  g)  was 
then  added  to  the  flask,  the  stirring 
rate  was  increased  to  200  rpm,  and 
the  contents  were  heated  to  50 °C. 
Millester  2-55  from  Polyurethane 
Specialties  Co.  (399.3  g,  OH#  =  54.8 
mg  KOH/g),  preheated  to  8o“c,  was 
added  over  a  period  of  35  minutes 
with  the  exotherm  raising  the 
temperature  to  82  *C.  The  contents 
were  held  at  80* C  for  one  hour,  and  a 
final  analysis  showed  the  free 
isocyanate  content  to  be  less  than 
0.1%.  The  theoretical  structure  for 
the  oligomer  is  shown  below. 

Theoretical  structure  of  polyester 
Urethane  Acrylate: 
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ABSTRACT 

The  principal  functions  of  an  optical  fiber  coating  are 
to  preserve  thestrength  and  optical  performance  of 
the  glass  fiber  by  protecting  it  from  adverse 
mechanical,  thermal  and  chemical  environments. 

The  ability  of  the  coating  to  protect  the  fiber  against 
these  stresses  may  depend  upon  attaining  proper 
cure  of  the  coating  during  manufacture.  We  have 
produced  four  fiber  samples  with  coatings  ranging 
frorn  under-cured  to  over-cured,  and  have  measured 
the  mechanical  characteristics  -  strength,  fatigue,  and 
strip  force  -  of  each.  This  paper  describes  the 
preparation  of  the  fiber  samples,  measurement  of 
their  mechanical  properties,  and  correlation  of  those 
measurements  with  the  amount  of  coating  cure.  Our 
results  show  that  the  extent  of  cure  affects  both  the 
strength  and  the  fatigue  characteristics  of  optical 
fibers. 


1.  INTRODUCTION 

The  growing  use  of  optical  fibers  for 
telecommunications,  particularly  for  services  to  r.id 
on  the  customer's  premises,  exposes  the  fibers  to  an 
ever-increasing  array  of  environments.  New  and 
more  severe  conditions  will  challenge  the  protection 
afforded  the  glass  fiber  by  its  coating. 

During  manufacture,  the  fiber  is  drawn  from  a  hot 
preform  and  is  protected  with  a  coating  within  a 
second,  more  or  less,  depending  on  the  draw  tower 
design  and  the  draw  speed  [1].  The  principal 
functions  of  the  coating  are  to  preserve  the  strength 
and  performance  of  the  glass  fiber  by  protecting  it 
from  adverse  mechanical,  thermal  and  chemical 
environments.  There  are  three  potential  coating 
systems  available:  ultraviolet  (UV)  cured  acrylates 
[2],  thermaliy-cured  silicones  [3],  and  hot  melt 
thermoplastics  [4].  The  UV  curable  coatings  are 
currently  used  for  seventy-five  percent  of  all  silica 
glass  optical  fibers  produced  for  telecommunications 
[5].  Therefore,  this  paper  concentrates  exclusively  on 
these. 


UV  curing  Is  a  process  which  is  ideally  suited  for 
optical  fiber  coatings.  The  process  uses  UV  radiation 
to  initiate  chain  reactions  which  can  convert  a  fluid 
coating  compound  to  a  strong,  solid  material. 
Essentially  complete  curing  takes  place  in  only  a 
fraction  of  a  second.  Coating  systems  for  optical 
fibers  generally  consist  of  two  layers  of  UV-cured 
acrylate.  The  inner  layer  is  of  a  lower  modulus  than 
the  outer  and  its  function  is  to  minimize  microbending 
loses.  The  outer  layer,  on  the  other  hand,  provides 
mechanical  and  environmental  protection. 

It  is  well  understood  that  the  mechanical 
characteristics  of  the  fiber  will  be  affected  by  the 
properties  of  these  polymeric  protective  coatings.. 

The  coatings  may,  for  example,  affect  the  strength 
distribution  and  fatigue  behavior  of  fused  silica  fibers 
[6,7].  These  effects  have  been  identified  as  being 
caused  by  such  coating  properties  as  adhesion, 
water  absorption,  and  water  permeation.  The 
protective  properties  of  the  coating  are  controlled  by 
the  extent  of  crosslinking  in  the  polymer,  which  In  turn 
is  a  function  of  the  extent  of  cure  attained  as  a  result 
of  the  amount  of  UV  curing  radiation  to  which  the 
coating  is  exposed.  Under-cured  coatings  may  be 
susceptible  to  chemical  attack,  thermal  softening, 
and  mechanical  cut-through,  each  of  which  can 
expose  the  glass  to  environmental  attack  and 
premature  failure.  However,  the  specific  relationship 
between  the  extei.t  of  cure  and  the  mechanical 
properties  of  the  fiber  is  not  well  understood.  Hence, 
there  is  a  growing  industry  concern  about  the 
potential  problems  that  may  arise  from  non-optimal 
curing. 

We  are  therefore  concerned  with  determining  which 
coating  properties  may  be  most  sensitive  to  the 
extent  of  cure  and  how  this  sensitivity  may  affect  the 
mechanical  properties  of  optical  fibers.  To 
investigate  these  effects,  we  have  produced  sample 
fibers  in  our  laboratory  with  different  UV  curing  doses 
applied  to  the  coating.  The  fibers  were  drawn  from  a 
fire-polished  fused  silica  rod  to  a  diameter  of  125  pm. 
They  were  immediately  coated  in-line  with  a  single 
layer  of  a  relatively  high-modulus  UV-curable 
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polyurethane  acrylate  coating  to  a  nominal  diameter 
of  250  pm.  Using  both  the  coating  manufacturer's 
data  (modulus  as  a  function  of  dose)  and  our 
experience  with  our  draw  tower,  we  were  able  to 
establish  draw  speeds  and  UV  curing  lamp  settings 
that  provided  four  different  degrees  of  cure,  ranging 
from  under-cured  to  over-cured.  The  production  of 
these  samples  and  the  measurement  of  their  various 
degrees  of  coating  cure  are  described  in  the  next 
section. 

In  this  paper,  we  present  the  fiber  strength,  the 
fatigue  characteristics,  and  the  stripping  force  for 
each  of  the  four  sample  fibers.  Even  though  the 
glass  was  the  same  in  all  of  these  fibers,  we 
observed  significant  differences  in  mechanical 
properties.  We  attribute  these  to  the  differences  in 
coating  cure. 

2.  SAMPLE  PREPARATION 

Curing  is  a  function  of  the  ultra-violet  (UV)  dose, 
which  in  turn  is  directly  proportional  to  the  intensity  of 
the  UV  lamps  and  inversely  proportional  to  the  draw 
speed  at  which  the  coated  fiber  passes  through  the 
lamp  assembly. 

All  fibers  in  this  study  were  coated  with  DeSoto  950- 
008,  a  relatively  high-modulus  single-layer  coating. 
We  selected  drawing  conditions  (see  Table  1)  which 
provided  us  with  our  first  two  fibers  (designated 
herein  as  Fibers  1  and  2)  with  different  degrees  of 
cure.  The  UV  curing  of  the  coating  was 
accomplished  using  a  system  from  Canrad-Hanovia, 
Inc.,  in  which  two  12-inch  long,  200  W/in  medium 
pressure  mercury  vapor  quartz  lamps  were  operated 
at  the  power  levels  shown  in  Table  1 .  Our  intent  was 
that  neither  fiber  should  be  obviously  under-cured. 


A  sample  of  each  fiber  was  subjected  to  overnight 
Soxhlet  extraction  in  methyl  ethyl  ketone  to 
determine  the  percent  extractables.  We  followed  the 
proposed  standard  procedure  in  the 
Telecommunication  Industries  Association  draft  Fiber 
Optic  Test  Procedure  FOTP-10.  A  high  amount  of 
extractables  indicates  lower  cross-linking  and  hence 
a  lower  extent  of  cure  relative  to  a  sample  of  the 
same  coating  with  a  lower  percent  extractables.  We 
also  recorded  qualitative  observations  of  the  fibers, 
including  color,  odor,  and  surface  feel.  The 
observations  and  extractables  data  are  included  in 
Table  1.  Although  the  data  indicated  a  difference  in 
the  coating  cure  between  these  two  fibers,  it  was 
also  apparent  that  both  were  nominally  fully  cured  or 
even  over-cured.  We  needed  to  extend  the  range  of 
our  test  fibers  to  include  some  that  were  relatively 
under-cured,  although  not  to  the  extent  that  a  fiber 
manufacturer  might  reject  such  product  for  shipment. 

Because  the  lamps  in  the  draw  tower  had  been 
replaced  since  the  first  two  fibers  were  drawn,  we 
needed  a  way  to  approximate  the  draw  tower  doses 
so  that  we  could  have  more  control  over  the  cure  of 
additional  fiber  samples.  We  used  UV-sensitive 
color-change  labels  (from  UV  Process  Supply,  Inc.), 
drawn  through  the  draw  tower  at  various  speeds  and 
lamp  settings,  to  estimate  the  range  of  doses 
available.  The  labels  are  self-adhesive  coated  paper 
that  were  folded  over  a  coated  fiber  (which  was  used 
only  to  carry  the  labels  through  the  tower)  and 
trimmed  so  that  only  a  small  flag  projected  from  the 
fiber. 

Several  labels  were  also  exposed  at  various  speeds 
on  a  UV  conveyor  belt  system  (Fusion  Systems 
Super  Six  UV  Lamp  System).  An  IL-390  Integrating 
Radiometer  (a  "Light  Bug",  from  International  Light, 


Table  1  -  Draw  Conditions  and  Cure  Measures  for  Sample  Fibers 


SAMPLE 

NUMBER 

NOMINAL 
DRAW  SPEED 
[m/min] 

LAMP 

POWER 

L  Watts] 

PERCENT 

EXTRACTABLES 

[%] 

QUAUTATIVE 

OBSERVATIONS 

1 

23 

3500 

1.8 

Yellow,  Hard 

2 

38 

350C 

2.1 

Nominal 

« 

O 

50 

3500 

6.2 

Nominal 

4 

50 

2500 

9.2 

Acrylate  Odor, 
Soft,  Slightly  Tacky 

NOTE:  Old  UV  lamps  used  when  drawing  fibers  1  and  2  were  replaced  with  new 
lamps  before  drawing  fibers  3  and  4. 
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Inc.)  was  passed  through  several  times  at  these 
same  settings  to  establish  an  average  dose.  The 
draw  tower  dose  was  estimated  by  comparing  the 
labels  from  the  draw  tower  to  those  exposed  to  a 
known  dosage  on  the  conveyor  belt.  Since  the 
comparison  was  made  visually,  precise  color 
matching  was  difficult.  As  a  result,  the  dosage 
assigned  to  each  label  set  from  the  draw  tower  may 
have  an  error  as  great  as  ±  1 0%. 

Based  on  these  dosage  estimates,  we  drew  two 
more  fibers  (designated  herein  as  Fibers  3  and  4) 
using  the  draw  tower  conditions  shown  in  Table  1 . 
We  again  ran  overnight  Soxhlet  extractions  in  methyl 
ethyl  ketone  on  samples  of  these  two  fibers. 

Coupled  with  our  qualitative  observations,  these 
results,  shown  in  Table  1,  indicated  that  we  had 
achieved  lower  degrees  of  cure  with  these  second 
two  samples. 

The  mechanical  properties  of  these  four  fibers  were 
then  measured  and  correlated  against  the 
differences  in  extent  of  cure. 


3.  EXPERIMENTAL  PROCEDURES 
(MECHANICAL) 

For  our  experiments  we  used  two-kilometer  lengths 
of  optical  fibers  from  each  cure  condition.  As  noted, 
each  fiber  had  a  nominal  glass  diameter  of  125  pm 
coated  with  a  UV-curable,  urethane  acrylate  polymer 
coating  to  250  pm  diameter.  The  following 
mechanical  tests  were  conducted  in  our  laboratories. 

Dynamic  Tensile  Strength  -The tensile 
strengths  of  the  fibers  were  measured  with  a  screw- 
driven  universal  tensile  testing  machine  in  a 
laboratory  ambient  environment  of  22°  C  and  relative 
humidity  of  50%.  Samples  were  gripped  on  5  cm  (2 
in)  diameter  capstans  covered  with  a  soft  elastomeric 
sleeve.  Masking  tape  was  used  to  secure  the  ends 
of  the  fiber  to  the  capstans.  Tensile  strength  and 
dynamic  fatigue  resistance  were  determined  by 
tensile  testing  at  strain  rates  ranging  from  25%/min  to 
0.025%/min.  A  total  of  61  samples,  each  with  a  gage 
length  of  50  cm  (19.6  in),  were  tested  at  each  strain 
rate. 

Two-point  Bending  Strength  -  Fiber  strength 
was  also  measured  using  a  dynamic  two-point 
bending  method[8]  [see  Figure  1].  The  test  consists 
of  bending  a  fiber  sample  in  a  180°  arc  between  two 
parallel  plates  which  are  driven  together  at  a  variable 
speed  to  maintain  a  constant  stress  rate.  The  fiber  is 
bent  to  a  continuously  smaller  radius  until  it 
eventually  fractures,  and  by  measuring  jaw 
separation  at  the  instant  of  fracture,  the  fiber  strength 
can  be  determined.  Two-point  bending  strength  and 


two-point  bending  dynamic  fatigue  resistance  were 
determined  at  stress  rates  ranging  from  60  MPa/sec 
to  0.06  MPa/sec.  A  total  of  21  samples  were  tested 
for  each  stress  rate. 

Stripping  Test  -The  force  required  to  strip  the 
coating  was  measured  using  a  commercial  stripping 
tool  mounted  on  a  screw-driven  universal  tensile 
testing  machine.  Two  gage  lengths  were  used  for  the 
stripped  section:  3  cm  (1.2  In)  and  1  cm  (0.4  in).  All 
tests  were  conducted  at  the  rate  of  50.8  cm/min  (20 
in/min). 

4.  EXPERIMENTAL  RESULTS 

The  dynamic  tensile  test  results  for  samples  of  Fiber 
1  tested  at  four  different  strain  rates  are  plotted  on 
Weibull  axes  in  Figure  2.  Figure  3  similarly  presents 
the  results  for  Fibers  1-4  at  the  2.5  %/mln  strain  rate. 
Figure  4  shows  the  Weibull  two-point  strength 
distribution  in  deionized  water  for  Fiber  1  while 
Figure  5  shows  tensile  dynamic  fatigue  results  for  the 
four  fibers  at  the  6  MPa/s  stress  rate  under  ambient 
conditions.  The  summary  of  the  strength  testing  both 
in  tension  and  in  two-point  bending  is  given  in  Table 
2.  The  strength  data  can  be  fit  to  a  single  Weibull 
distribution  of  the  form: 


P  =  1-exp[-(J/O0]m  (1) 

for  all  the  fibers.  In  this  equation,  P  is  the  cumulative 
probability  of  failure  at  a  stress  less  than  or  equal  to 

< J ,  and  O0  and  m  are  empirical  distribution 

parameters.  The  values  of  the  Weibull  exponent  m 
are  listed  on  Figures  2-5. 


Figure  1  -  Two-point  bending  testing  unit 
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Figure  3  -  Weibull  tensile  strength  distributions 
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Figure  4  -  Weibull  two-point  bending  strength  distributions 
for  Fiber  1  at  various  stress  rates, 


Figure  5  -  Weibull  two-point  bending  strength 
distributions  for  all  fibers  in  ambient 
at  a  fixed  stress  rate. 


In  the  presence  of  stress  and  certain  chemical 
species  such  as  water,  the  flaws  existing  in  the  glass 
can  grow  to  a  size  to  cause  failure.  Assuming  that 
the  growth  rate  of  such  flaws  is  proportional  to  a 
power  function  of  the  stress  intensity,  it  can  be  shown 

that  the  dynamic  breaking  strength  <J  depends  upon 

the  applied  strain  rate,  £: 


G=  B£  1/(n+1>  (2) 

where  n  is  the  crack  growth  exponent  associated 
with  the  power  law  dependence  of  the  crack  growth 
rate  and  B  is  an  experimental  parameter.  The 
gth  values  of  the  data  for  Fiber  1  shown  in 
hb_,„  2  are  plotted  as  a  function  of  strain  rate  in 
Figure  6,  while  the  data  from  Figure  4  are  plotted  as 


718  International  Wire  &  Cable  Symposium  Proceedings  1990 


DYNAMIC  STRENGTH,  ksi 


Table  2  -  Summary  of  Dynamic  Strength  Testing 


FIBER 

TEST  ENVIRONMENT 

TESTING 

MEDIAN 

[ksi] 

1 

Ambient 

Tension 

638 

2 

Ambient 

Tension 

585 

3 

Ambient 

Tension 

556 

4 

Ambient 

Tension 

545 

1 

Ambient 

2-  Pt.  Bending 

670 

2 

Ambient 

2-  Pt.  Bending 

642 

3 

Ambient 

2-  Pt.  Bending 

623 

4 

Ambient 

2-  Pt.  Bending 

608 

1 

Deionized  Water 

2-  Pt.  Bending 

623 

2 

Deionized  Water 

2-  Pt.  Bending 

603 

4 

Deionized  Water 

2-  Pt.  Bending 

591 

3 

Deionized  Water 

2-  Pt.  Bending 

585 

Figure  6  -  Tensile  dynamic  fatigue  for  Fiber  1 


Table  3  -  Summary  of  Dynamic  Fatigue  Testing 


FIBER 

TEST  ENVIRONMENT 

TESTING 

n 

1 

Ambient 

Tension 

24.6 

2 

Ambient 

Tension 

22.5 

3 

Ambient 

Tension 

19.6 

4 

Ambient 

Tension 

18.8 

1 

Ambient 

2-  Pt.  Bending 

23.3 

2 

Ambient 

2-  Pt.  Bending 

21.9 

3 

Ambient 

2-  Pt.  Bending 

19.2 

4 

Ambient 

2-  Pt.  Bending 

18.6 

1 

Deionized  Water 

2-  Pt.  Bending 

22.8 

2 

Deionized  Water 

2-  Pt.  Bending 

20.2 

3 

Deionized  Water 

2-  Pt.  Bending 

18.3 

4 

Deionized  Water 

2-  Pt.  Bending 

18.0 

Figure  7  -  Two-point  bending  dynamic  fatigue  for  Fiber  1 


a  function  of  stress  rate  in  Figure  7.  Fitting  the  line 
predicted  by  equation  2  to  these  data  yields  the 
values  of  n  listed  on  Figures  6  and  7.  A  summary  of 
the  fatigue  testing  both  in  tension  and  in  two-point 
bending  is  given  in  Table  3. 

The  results  of  the  coating  stripping  test  for  gage 
lengths  of  3  cm  and  1  cm  are  shown  in  Table  4. 

5.  DISCUSSION 

The  long  term  mechanical  reliability  of  an  optical 
fiber  depends  upon  the  initial  distribution  of  flaws  in 
the  fiber  and  upon  the  rate  of  growth  of  these  flaws  in 
the  presence  of  stress  and  chemical  species  from  the 
environment.  The  coating  outside  a  silica  fiber  acts 
as  a  barrier  to  the  environment.  It  can  also  influence 
the  chemical  environment  of  the  silica  surface  [9], 
First,  polymer  coatings  contain  mobile  ionic  species 
and  contaminants  which  can  diffuse  to  the 


coating/glass  interface.  Second,  while  coatings  are 
recognized  as  being  fairly  permeable,  they  do  act  to 
encapsulate  the  contaminants  and  moisture  at  the 
coating/glass  interface.  This  encapsulation  can  lead 
to  significant  changes  in  the  chemistry  (for  example, 
the  pH)  of  the  coating/glass  interface  which  is  the 
location  of  most  strength-reducing  flaws  in  fibers. 

The  median  initial  size  of  the  flaws  in  a  fiber  is 
indicated  by  the  median  shod  term  strength,  with 
larger  values  of  strength  associated  with  smaller  flaw 
sizes.  Table  2  shows  a  summary  of  the  strength  tests 
for  the  four  fibers  ranked  in  order  of  decreasing 
strength  both  in  tension  (at  a  strain  rate  of  2.5%  /min) 
and  in  two-point  bending  (at  a  stress  rate  of  6  MPa/s). 
The  tension  experiments  were  conducted  in  ambient, 
and  the  two-point  bending  experiments  were 
conducted  both  ir.  ambient  and  in  deionized  water. 
Table  2  shows  that  both  tension  and  bending 
strengths  under  ambient  conditions  are  ranked  in  the 
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Table  4  -  Coating  Stripping  Force 

FIBER  STRIPPING  FORCE  STRIPPING  FORCE 

FOR  FOR 

3  cm  GAGE  LENGTH  1  cm  GAGE  LENGTH 

[g]  fg] 


1  676±59  604±54 

4  645±110  582±74 

2  596±40  559±35 

3  577±1 05  507±58 


same  order  as  the  extent  of  cure  shown  in  Table  1 , 
with  higher  strengths  associated  with  greater  extents 
of  cure.  The  median  bending  strength  in  deionized 
water  showed  a  slight  difference  in  ranking  between 
Fiber  3  and  Fiber  4.  Figures  3  and  5  are 
representative  Weibull  plots  comparing  the  four 
fibers  under  common  testing  conditions. 

Examination  of  m  values  calculated  from  these  plots 
shows  that  the  coating  curing  condition  may  affect 
the  strength  distribution  as  well.  Figures  3  and  5 
show  the  highest  m  value  for  Fiber  1 .  Part  of  the 
difference  between  Fiber  1  and  Fiber  2  may  be 
attributed  to  the  increase  in  draw  speed,  which  may 
be  affecting  the  flaw  size  distribution.  However,  the 
only  difference  between  Fibers  3  and  4  was  the 
power  of  the  curing  lamps;  the  small  difference  in  the 
strength  distributions  for  these  fibers  can  only  be 
attributed  to  differences  in  the  coating  curing 
condition. 

The  effectiveness  of  the  coating  in  protecting  the  fiber 
from  the  environment  is  indicated  by  the  crack  growth 
exponent  n;  large  values  of  n  are  associated  with 
slower  crack  growth  and  hence  with  a  higher  degree 
of  protection.  Table  3  summarizes  the  dynamic 
fatigue  parameters  for  the  four  fibers.  Once  again  the 
ranking  of  the  fibers  in  decreasing  order  in  terms  of  n 
shows  agreement  with  the  extent  of  cure;  larger 
values  of  n  are  associated  with  greater  extents  of 
cure. 

A  summary  of  the  coating  stripping  test  is  shown  in 
Table  4.  The  results  indicate  that  the  extent  of  curing 
affects  the  strip  force.  With  the  exception  of  Fiber  4, 
stripping  force  paralleled  the  extent  of  cure.  Fiber  4 
showed  an  anomalously  large  stripping  force.  We 
observed  that  the  stripped  coating  on  Fiber  4  buckled 
rather  than  smoothly  sliding  off  as  a  cylinder  as  with 
the  other  three  coatings. 

Tables  2-4  might  suggest  that  a  fiber  manufacturer 
should  maximize  the  extent  of  cure  in  order  to 
maximize  fiber  strength.  However,  any  attempt  to 
define  an  optimal  extent  of  cure  must  consider  other 
coating  properties.  An  over-cured  coating  may 


become  brittle  and  subject  to  cracking,  particularly  if 
exposed  to  solvents.  A  high  elastic  modulus  reduces 
the  cushioning  effect  of  the  coating,  increasing  the 
susceptibility  to  microbending  losses.  Hydrogen 
generation  has  been  observed  to  increase  for 
coatings  cured  to  very  high  levels  [10].  High  strip 
forces  should  be  examined  to  insure  that  they  do  not 
cause  problems  with  field  stripping.  These  and  other 
coating  properties  must  be  balanced  in  selecting  the 
desired  extent  of  cure. 

6.  CONCLUSIONS 

The  long  term  mechanical  reliability  of  a  glass  fiber 
depends  upon  applied  stress,  fiber  strength,  the  rate 
of  growth  of  flaws  in  the  glass,  and  the  fracture 
toughness  of  the  glass.  In  this  study,  the  mechanical 
characteristics  of  optical  fibers  have  been  shown  to 
have  a  dependence  on  the  extent  of  cure  of  the  fiber 
coating.  While  the  actual  UV  curing  dose  applied  to 
the  fiber  in  the  draw  tower  is  difficult  to  measure,  the 
relative  extent  of  cure  attained  for  a  given  coating 
material  can  be  estimated  from  the  weight  loss 
during  solvent  extraction.  In  selecting  an  optimal 
cure  for  an  optical  fiber  coating,  consideration  must 
be  given,  not  only  to  the  coating  properties  (modulus, 
solvent  resistance,  hydrogen  generation),  but  also  to 
the  effect  the  coating  cure  has  on  the  fiber’s 
mechanical  properties  (strength,  fatigue, 
strippability). 
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Abstract; 

The  use  of  polyimide  coating  on 
optical  fiber  has  become  increas¬ 
ingly  important  for  high  tempera¬ 
ture  applications .  The  standard 
telecommunication  fibers  with 
uv-cured  epoxy  acrylate  coating, 
can,  in  general,  withstand  temper¬ 
atures  up  to  100°C.  Silicone  and 
other  polymeric  coatings  such  as 
ladder  siloxane  polymer  can  with¬ 
stand  nearly  200®C.  However, 
for  temperatures  in  the  range 
of  300°C,  polyimide  coating  is 
strongly  recommended.  The  purpose 
of  this  paper  is  to  present  the 
optical  and  mechanical  properties 
of  polyimide  coated  fibers  tested 
at  300  to  350°C. 


1.  Introduction: 

High  temperature  resistant  coat¬ 
ings  are  in  growing  demand  in  the 
optical  fiber  industry.  Applica¬ 
tions  of  this  coated  fiber  include 
automotive,  aircraft,  medical  and 
others.  Dielectric,  metallic  and 
polymeric  coatings  are  considered 
for  high  temperature  coatings. 
Dielectric  coatings  such  as 
oxides,  nitrides,  and  carbides  are 
successfully  applied  on  optical 
fibers.  The  coating  thickness  is 
generally  less  than  1  //m.  For 
long  lengths,  dielectric  coated 
fibers  are  further  protected  by  an 
additional  polymeric  coating. 
Therefore,  even  though  the 
dielectric  coating  can  withstand 
fairly  high  temperatures,  the  ap¬ 
plication  of  dielectric/polymeric 
coated  fiber  will  be  limited  to 
the  temperature  rating  of  polymer, 
in  the  case  of  metallic  coatings, 


the  coating  thickness  can  be  at 
high  as  25-30  urn  and  an  additional 
polymeric  coating  is  not  required 
for  handling  purposes.  Different 
metal  coatings  such  as  low 
temperature  melting  indium,  tin, 
aluminum  and  high  temperature 
melting  metals  such  as  gold  and 
copper  are  successfully  applied  on 
optical  fibers.  In  the  case  of 
polymeric  coatings,  commonly  used 
ultraviolet  cured  epoxy  acrylate 
coatings  can  withstand  up  to  100#C 
whereas  silicone  [1]  and  ladder 
siloxane  polymer  [2]  can  withstand 
nearly  200°C.  For  temperatures 
greater  than  200°C  polyimide  £ 3 ] 
is  becoming  an  attractive  candi¬ 
date.  This  coating  is  capable  of 
withstanding  300  to  400®C.  It  has 
excellent  thermal  stability,  chem¬ 
ical  resistance  and  good  dielec¬ 
tric  properties.  The  purpose  of 
this  paper  is  to  present  optical 
and  mechanical  properties  of 
polyimide  coated  optical  glass 
fibers  at  300  to  350®C. 


2_. _ Experimental: 

Multimode  graded  index  optical 
fibers  were  used  in  this  study. 
100  </m  core  with  a  140  //m  clad 
glass  fibers  were  coated  with  15 
V m  thick  polyimide  coatings.  Two 
different  polyimide  coatings  were 
used;  Polyimide  A  and  Polyimide 
B.  Change  in  attenuation  was 
measured  at  340  +  5°C  in  air  by 
using  Electronic  industries  Asso¬ 
ciation  Fiber  Optic  Test  Procedure 
-  20  ( EIA  FOTP-20 ) .  Dynamic 

tensile  strength  of  similar  fiber 
was  measured  at  room  temperature 
and  after  exposure  to  300®c  for 
eight  hours  by  using  a  Tensile 
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Testing  Machine. 


3 .  Results  and  Discussions : 


Attenuation 


Attenuation  testing  was  carried 
out  on  polyimide  coated  fibers 
which  were  not  protected  by  any 
cabling  jackets  or  materials. 
This  test  was  designed  to  subject 
the  fibers  to  extremely  adverse 
conditions.  Approximately  300  to 
900  m  of  loosely  coiled  polyimide 
coated  fibers  were  placed  in  a 
high  temperature  chamber  main¬ 
tained  at  340  +  5°C.  Change  in 
attenuation  was  determined  by 
monitoring  the  optical  transmit¬ 
tance  throughout  the  test.  Delta 
attenuation  results  are  shown  in 
Figures  1  and  2. 


Figure  2. 

Delta  attenuation  results  of 
Polyimide  A  and  Polyimide  B  coated 
fibers  at  340  +  5®C  for  310  hours 
in  air. 


Change  in  attenuation  of  fibers 
with  Polyimide  A  coating  remained 
stable  for  the  testing  period  of 
48  hours.  When  the  testing  time 
at  340  +  5'C  was  increased  to  310 
hours,  polyimide  A  coated  fibers 
showed  an  increase  in  attenuation 
from  0.2  dB/Km  to  0.9  dB/Km  as 
shown  in  Figure  2.  Polyimide  B 
coated  fibers  during  the  same 
testing  period  of  310  hours  at  340 
+  58C  showed  no  significant  change 
Tn  attenuation  from  the  start  of 
the  experiment.  Typical  proper¬ 
ties  of  this  fiber  at  room 
temperature  are  shown  in  Table  1. 


Figure  1. 

Delta  attenuation  of  Polyimide  A 
coated  fiber  at  340  +  5°C  for  48 
hours  in  air. 
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TABLE  Is  Typical  Properties  of 
SG328  (100/140/170  fii n)  Fiber 


Attenuation,  3.5  -  5.0 

dB/Km  @  850  <- 

Bandwidth,  100-300 

MHz. Km  @  850  nm 


Numerical  0.29  +  0.02 

Aperture,  (NA) 

Core  Diameter,  100  +  4 

um 

Clad  Diameter,  140  +  3 

m 

Polyimide  Coating  172  +  2 
Diameter,  //m 


Strength 

Dynamic  tensile  strength  of  Poly¬ 
imide  A  coated  fibers  was  measured 
at  room  temperature  by  using  a 
Tensile  Testing  Machine.  A  0.7  m 
gauge  length  and  4%/minute  strain 
rate  were  used  for  measuring  the 
strength.  The  results  are  shown 
in  Figure  3. 


The  strength  of  the  fiber  did  not 
change  after  exposure  to  300°C  for 
eight  hours.  Scanning  electron 
micrographs  of  Polyimide  A  and 
Polyimide  B  coated  fibers  which 
were  exposed  to  340"C  for  310 
hours  are  shown  in  Figure  4. 


Figure  3.  Typical  Weibull  plots 

at  room  temperature  and  at  300°C.  Figure  4. 

Scanning  electron  micrographs  of 
Polyimide  A  (a)  and  Polyimide  B 
(b)  coated  fibers  which  were 
exposed  to  340®C  for  310  hours. 
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A  slight  change  in  surface 
morphology  was  noticed  on 
Polyimide  A  coated  fibers.  There 
was  no  significant  change  in 
surface  appearance  on  Polyimide  B 
coated  fibers. 


4.  Conclusions! 

Based  on  the  results  of  this 
study,  it  can  be  seen  that 
polyimide  coated  fibers  showed 
excellent  optical  and  mechanical 
erformance  when  exposed  to  300®C 
n  air.  Polyimide  A  coated 
multimode  graded  index  optical 
glass  fiber  showed  an  increase  in 
delta  attenuation  at  340*C  from 
0.2  dB/Km  to  0.9  dB/Km  after  310 
hours.  But  the  attenuation  of 
Polyimide  B  coated  similar  fibers 
remained  unchanged  at  340aC  after 
310  hours.  The  average  strength 
of  720  Kpsi  for  Polyimide  A  coated 
fibers  in  air  also  remained 
unaffected  when  the  fibers  were 
exposed  to  300°C  for  eight  hours. 
If  these  polyimide  coated  fibers 
are  further  protected  by  high 
temperature  cabling  materials, 
they  can  be  suitable  for  different 
high  temperature  applications  for 
even  longer  periods  of  time. 
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Abstract 

This  paper  describes  the  results  of  a  recent 
study  to  characterize  effective  index  of 
refraction  for  commercially  available  unsifted 
matched-clad  single  mode  optical  fiber. 
Effective  index  of  refraction  was  determined  as 
functions  of  process  range,  tensile  stress  and 
temperature  (over  the  specification  range). 
Index  of  refraction  was  measured  at  the  nominal 
operating  wavelengths  of  1300  and  1SS0 
nanometers.  Pulse  time-of-flights,  fiber 
lengths,  applied  tensile  loads,  elongations  and 
temperatures  were  measured  directly.  This 
experiment  provides  effective  index  of 
refraction  measurement  accuracy  to  four  decimal 
places. 


Introduction 


The  latter  approach  requires  very  accurate 
length  measurements  and  is  the  approach  used  in 
this  experiment. 

This  paper  describes  the  experimental  results 
of  a  study  conducted  to  characterize  effective 
index  as  a  function  of  product  parameters, 
tensile  stress  and  temperature.  One  application 
for  this  information  is  when  accurate  length 
measurements  of  optical  fibers  are  desired 
using  an  optical  time  domain  reflectometer 
(OTDR) .  With  index  measurements  to  four  decimal 
places,  length  can  be  measured  to  an  accuracy 
of  1  meter  in  10,000.  The  stress  dependence  on 
index  of  refraction  can  be  used  to  provide  a 
powerful  diagnostic  tool  for  cable  stress 
analysis.  This  work  advances  index  of 
refraction  measurements  to  four  decimal  place 
accuracy  and  investigates  the  influence  of 
stress  and  temperature  across  much  greater 
ranges  than  previously  known  work. 


Material  index  of  refraction  (n)  is  defined  as 
the  ratio  of  the  speed  of  light  in  a  vacuum  to 
the  speed  of  light  in  a  particular  material. 
Material  index  is  dependent  on  wavelength, 
composition  and  temperature  of  the  propagation 
medium.  Group  index  of  refraction  (N)  is 
defined  as  the  speed  of  light  in  a  vacuum  to 
the  pulse  speed  of  a  group  of  wavelets  from  a 
light  source,  comprising  a  range  of 
wavelengths,  transmitted  through  a  material 
medium.  In  a  single-mode  fiber  the  power  is 
shared  by  the  core  and  cladding  which  requires 
a  power  weighted  average  of  the  core  and 
cladding  group  indices  of  refraction.  Also, 
the  wavelength  of  operation  and  the  fiber  index 
profile  cause  a  waveguide  related  effect  on  the 
index.  The  combination  of  these  two  components 
makes  up  what  is  referred  to  as  the  effective 
group  index  of  refraction  (Neff)  for  a 
single-mode  fiber  in  operation*  and  is  the 
parameter  measured  in  this  experiment. 

Measurements  of  effective  index  of  refraction 
in  an  optical  fiber  can  be  used  to  reveal 
several  useful  properties  pertinent  to  the 
transmission  medium.  Current  index  of 
refraction  values  for  long  optical  fiber 
lengths  are  obtained  empirically,  relying  on 
winder  length  readings  that  generally  limit 
accuracy  to  three  decimal  places.  Also,  index 
of  refraction  can  be  determined  from 
transmitted  time  of  flight  of  an  optical  pulse. 


Experimental  Measurement  Method 

A  Fresnel  reflection  millimeter  resolution  OTDR 
was  used  to  measure  the  time  of  flight  of  an 
optical  pulse  launched  into  the  near  end  of  the 
fiber  and  returned  to  the  same  end.  The 
effective  index  of  refraction  is  calculated 
using  equation  (1): 


Neff  =  c/Veff 


eff 


2L/t 


Neff  =  ct/2L 


(1) 


where  c  =  3  x  108  m/s  is  the  velocity  of  light 
in  a  vacuum. 

L  =  fiber  length 
t  =  round  trip  time  of  flight 
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Experimental  Procedure 

Effective  Index  of  Refraction  versus 
Product  Parameters 

Selected  fiber  samples  vere  representative  of 
the  typical  manufacturing  process  range  for 
delta  and  mode  field  diameter  (MFD). 

Fiber  lengths  were  deployed  in  a  straight  line 
and  measured  between  fifty-meter  benchmarks 
surveyed  to  within  an  accuracy  of  two 
millimeters.  One  end  of  the  test  fiber  was 
coupled  to  a  Fresnel  reflection  OTDR  capable  of 
10  ps  time  of  flight  resolution.  Each  fiber  was 
measured  in  an  unstressed  condition  at  room 
temperature  (22°C),  to  characterize  index  of 
refraction  as  a  function  of  product  parameters. 

Effective  Index  of  Refraction  versus 
Tensile  Stress 

Once  fibers  were  characterized  in  their 
unstressed  condition,  each  sample  was  deployed 
in  a  straight  line  for  effective  index  versus 
stress  measurements.  For  this  phase  of  the 
experiment,  the  fiber  sample  ends  were  epoxied 
to  grooved  aluminum  blocks  and  a  straight 
tensile  load  was  applied  in  about  0.2  pound  (20 
kpsi)  increments  up  to  6  pounds  (300  kpsi). 
Flight  times,  applied  loads  and  elongations 
were  recorded.  Stresses  were  calculated  using 
the  applied  loads  over  cross-sectional  fiber 
areas  and  strains  from  elongations  at  each 
load,  over  original  fiber  length.  Index  was 
then  determined  from  a  time-of-flight 
measurement  at  any  given  stress. 

Effective  Index  of  Refraction  versus 
Temperature 

Index  versus  temperature  measurements  were 
performed  with  fifty-meter  fiber  samples  loose 
coiled  and  placed  in  a  temperature-controlled 
chamber.  Initial  measurements  were  performed  at 
room  temperature  in  their  loose  coiled 
configuration.  The  temperature  chamber  was 
cycled  from  -60  to  +85  degrees  Celsius  in 
approximately  10  degree  increments.  Index  of 
refraction  was  calculated  from  a  time-of-flight 
measurement  for  each  monitored  temperature  at 
equilibrium,  and  corrected  for  length  changes 
due  to  thermal  expansion  or  contraction  from 
the  room  temperature  length. 


Experimental  Results 

Characterization  of  index  of  refraction  over 
the  selected  sample  range  for  delta  and 
mode-field  diameter  showed  index  variations  in 
the  fourth  decimal  place.  Over  the  full  range 
of  the  product  parameter  tolerance  the  index 
variation  was  0.0006.  Also,  the  difference 
between  effective  index  at  1300  nm  and  1550nm 
was  0.0006  for  each  fiber  measured.  A  graph, 
figure  1,  of  effective  index  versus  MFD  for  the 
samples  measured  shows  a  near  linear 
relationship. 


Index  versus  tensile  struss  graphs  show  nearly 
linear  relationships  for  both  wavelengths  as 
displayed  in  figures  2  and  3.  The  slope  for 
each  fiber  measured  was  quite  consistent  at 
-0.000024/kpsi.  Negative  slope  implies  flight 
times,  and  therefore  index,  decreases  with 
increasing  tensile  stress.  Previous  work  on 
time-of-flight  versus  stress  in  a  multimode 
optical  fiber  (Hartog,  Conduit,  and  Payne)t 
resulted  in  a  slope  of  -.000035/kpsi.  1 

Figures  4  and  5  represent  effective  index 
versus  temperature  results.  The  effective 
index  versus  temperature  slope  was  0.000012/°C 
for  each  sample  measured  at  either  wavelength. 
Hartog,  et  alJ  also  measured  temperature 
dependence  on  index  and  obtained  data  which 
resulted  in  a  slope  of  0.000010/°C.  Cohen  and 
Fleming's  work*1  reported  a  rate  of  change  of 
0,000010/°C  also,  which  measured  a  depressed 
clad  single-mode  fiber  (with  a  B,0.  doped 
silica  core).  1  J 

Conclusion 

Effective  index  is  dependent  on  product 
parameters,  applied  tensile  stress  and 
temperature.  The  average  index  at  1300  nm  was 
1.4675  and  at  1550  nm  was  1.4681.  From  the 
samples  selected,  which  covered  the  range  of 
product  parameters  the  index  variation  was 
0.0006  for  both  wavelengths  and  the  index 
difference  between  the  two  wavelengths  was 
0.0006.  An  evaluation  of  the  dependence  of 
index  on  tensile  stress  and  temperature  reveals 
that  the  effects  are  nearly  linear  and  the 
slopes  were  -0.000024/kpsi  and  0.000012/°C, 
respectively. 
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ABSTRACT 

Fiber-to-the-subscriber  systems  generally  impose  maximum  optical 
loss  and  total  reflectance  requirements  on  the  outside  plant  fiber, 
splices  and  connectors,  and  these  requirements  depend  on  the 
particular  vendor’s  transmission  system  and  architecture.  To 
insure  that  the  system  performance  requirements  are  met,  the 
outside  plant  should  be  tested  during  its  construction  phase  and 
after  completion.  The  completion  tests  are  usually  made  at  the 
system  operating  wavelength,  although  for  multiw-velength 
systems  the  measurements  may  be  made  at  a  wavelength 
corresponding  to  the  most  demanding  requirements. 

In  this  paper,  we  describe  the  various  techniques  for  measuring 
splice  loss,  end-to-end  loss  and  reflectance,  and  explore  the 
implications  of  making  field  measurements  on  emerging  systems 
that  use  short  wavelength  transmission  on  conventional  single¬ 
mode  fiber. 


INTRODUCTION 

Since  1088,  several  architectures  ha.c  been  proposed  and 
implemented  in  fiber-to-the-subscriber  installations.  These  include 
the  optical  bus.l'l  the  passive  double  star  (star-bus), W  and  the 
active  double  atar.NI5!  Each  has  distinct  requirements  that  vary 
depending  on  the  manufacturer  of  the  transmission  equipment. 
Because  of  this  diversity,  and  to  enable  a  discussion  of  specific 
installation  testing  procedures  and  requirements,  we  focus 
exclusively  on  AT&T’s  Fiber-to-the-Home  (FTTH)  feature  of  SLC® 
Series  5  digital  loop  carrier .Wl,lt7l  This  system  uses  an  active  double 
star  architecture  to  currently  provide  up  to  four  POTS  channels 
per  fiber  with  additional  channels  and  services,  such  as  video,  in 
development. 

A  fiber-path  extends  from  a  remote  terminal  (RT)  to  a  distant 
terminal  (DT),  which  may  be  mounted  on  the  side  of  a  house  (fiber 
all  the  way  to  the  home)  or  to  several  DTs  in  a  pedestal  located  on 
property  lines  (fiber  to  the  curb).  Operating  bidirectionally  over 
one  single-mode  fiber  at  an  optical  line  rate  of  1.544  Mb/s,  the 
system  can  reach  a  carrier  serving  area  (CSA)  of  up  to  12,000  feet 
from  the  RT.  The  present  version  provides  the  POTS  channels  at 
a  1310  nm  wavelength,  while  a  future  version  will  do  the  same  at 
780  nm. 

Because  one  fiber  runs  between  the  RT  and  each  DT,  testing 
involves  connecting  to  each  fiber  through  optical  connectors  at  the 
DT  and  at  an  interconnect  cabinet  in  the  RT.  With  this  point-to- 
point  topology,  field  testing  methods  and  procedures  are  identical 
to  those  used  in  inter-office  and  loop  feeder  trunks. 

Field  tests  on  loop  distribution  fiber  systems  are  frequently 
performed  by  construction  technicians  during  and  immediately 
after  cable  installation.  The  two  types  of  field  measurements  most 
frequently  performed  are  splice  loss  and  end-to-end  loss. 
Reflectance  testing  is  not  generally  needed  because  there  is  a  low 
failure  probability  when  the  route  is  constructed  with  quality 
components. 


SPLICE  LOSS  TESTING 

Installation  timet  can  be  reduced  by  making  "blind"  tplicet  and 
not  checking  their  quality.  However,  construction  crews  are 
currently  reluctant  to  enclose  splices  in  a  splice  case  that  might  be 
encapsulated  and  buried  without  at  least  first  testing  them  for 
splice  continuity,  and  preferably  for  splice  loss.  A  variety  of 
methods  and  equipment  can  be  used. 

Far-End  Transmission  and  Detection 

The  simplest  way  to  monitor  the  integrity  of  a  splice  is  to  connect 
a  light  source  to  one  end  of  the  first  cable  and  detect  the  signal  at 
the  opposite  end  of  the  spliced  cable  as  shown  in  Figure  1.  Because 
it  requires  a  minimum  of  three  people  (one  at  each  end  and  a  third 
at  the  splice  location)  and  communication  paths  among  them,  this 
method  for  testing  splices  is  not  widely  used  in  fiber-to-the 
subscriber  installations. 


source 

cable  1 

v  — 

cable  2 

A 

detector 

location  A 

location  B 

Figure  1.  Far-end  transmission  and  detection  method  for 
monitoring  splice  integrity. 

Local  Detection 

The  number  of  people  needed  to  verify  splice  integrity  can  be 
reduced  to  two  by  using  far-end  transmission  with  local  detection. 
With  this  method,  light  transmitted  from  location  A  is  detected 
immediately  after  the  splice  rather  than  at  location  B  as  in  Figure 
1.  The  local  detection  might  be  accomplished  by  bending  the  fiber 
to  cause  some  of  its  light  to  escape  onto  a  photodiode.  Fiber 
identifiers  using  this  technique  can  be  used  to  verify  a  splice’s 
continuity  by  alternately  clipping  the  identifier  onto  the  fiber 
before  and  after  the  splice  (Figure  2). 


source 


location  A 


cable  1 


splice 


cable  2 


location  B 


fiber  identifier 

Figure  2.  Local  detection  of  transmitted  power  for  monitoring 
splice  continuity. 


Alternatively,  some  of  the  light  lost  at  a  splice  can  be  gathered  and 
guided  to  a  photodiode  and  used  to  measure  splice  loss/*!  and  this 
method  has  been  used  in  several  loop  installations. 


•  SLC  is  s  registered  tredemirk  of  AT&T. 
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Local  Injection  and  Detection 

Loc&l  Injection  and  Detection  (LID)  systems  further  simplify  the 
splicing  operation  and  reduce  the  number  of  people  needed  to 
make  the  test  to  one.  Light  injected  into  the  fiber  immediately 
before  the  splice  is  detected  immediately  after  it.  LIDs  use  the 
same  detection  principles  already  discussed  together  with  macro-  or 
microbending  methods  for  injecting  light  sideways  into  the  fiber. 
LIDs  that  use  macrobends  serve  as  "optimiters" — giving  no 
indication  of  the  splice’s  loss,  but  allowing  the  splice  loss  to  be 
minimised.  Microbend  injectors  couple  enough  light  into  the  fiber 
so  that  the  loss  of  certain  sphces  can  be  measured. 

Optical  Time  Domain  Reflectometry 

An  Optical  Time  Domain  Reflectometer  (OTDR)  measures  the  light 
reflected  from  discontinuities  and  continuously  backscattered  from 
the  fiber  itself.  Changes  in  the  backscattered  signal  between  two 
points  in  a  fiber  show  the  loss  between  those  points  and  this  can  be 
used  to  estimate  the  loss  of  the  splice.  The  measurement  is  only  an 
eilimate  because  OTDRs  introduce  an  error  that  depends  on  the 
similarity  of  the  fibers  on  either  side  of  the  splice.  Since  the  error 
may  be  either  positive  or  negative,  the  measured  splice  loss  may 
appear  large  when  observed  from  one  direction  and  low  (perhaps 
even  a  "gainer”)  when  viewed  from  the  opposite  direction.  The 
only  way  to  overcome  this  OTDR  limitation  is  to  measure  the 
splice  from  both  directions  and  average  the  two  readings. 
Although  OTDRs  have  enough  dynamic  range  to  measure  all 
splices  from  both  direction*  in  loop  distribution  plant,  bidirectional 
measurements  are  cumbersome  to  make.  Consequently,  splices  are 
usually  measured  in  only  one  direction  and  the  measurement  error 
taken  into  account  when  determining  an  acceptable  OTDR  splice 
loss  reading. 

In  addition  to  the  inherent  error  that  depends  on  the  fibers  before 
and  after  a  splice,  an  OTDR’s  receiver  circuitry  might  introduce 
another  error  when  used  to  measure  the  loss  of  a  reflective  joint. 
Sudden  changes  in  optical  power,  such  as  when  going  from  a  small 
backscattered  signal  to  an  intense  reflected  power,  temporarily 
saturate  the  receiver.  Time  is  required  for  the  receiver  to  recover 
during  which  the  true  signal  backscattered  from  the  second  fiber  is 
distorted.  Unless  an  OTDR  has  a  masking  feature,  this  sudden 
change  in  signal  power  impairs  its  ability  to  measure  the  loss  of 
reflective  joints. 

Another  limitation,  imposed  by  the  pulse  width  of  the  OTDR,  is 
it’s  ability  to  resolve  closely  spaced  events.  High  resolution 
requires  narrow  pulses,  but  this  leads  to  reduced  pulse  power  which 
decreases  measurement  range.  The  resolution  of  most  OTDRs 
designed  for  the  local  loop  requires  events  to  be  at  least  15  meters 
apart. 

Direct  Core  Monitoring 

Some  fusion  splicing  machines  use  video  imaging  techniques  for 
measuring  parameters  that  affect  splice  lossJ’l  By  viewing  the 
fibers  vertically  and  horizontally  with  a  video  camera,  parameters 
such  as  cladding  and  core  offset;  type,  amplitude  and  length  of  core 
deformation;  and  variation  in  fiber  outer  diameters  are  analyzed  to 
estimate  splice  loss.  While  producing  good  loss  estimates  of  low 
loss  splices,  this  method  sometimes  does  not  detect  broken  fibers  or 
high  loss  splices. 

END-TO-END  LQ33  TESTING 
After  installation  of  the  fiber,  splices  and  connectors,  end-to-end 
loss  tests  are  made  on  each  fiber-path.  The  fiber  is  accessed 
through  optical  connectors  at  the  DT  and  at  the  interconnect 
cabinet  in  the  RT  (Figure  3).  -The  measured  loss  must  be  smaller 
than  the  maximum  loss  permitted  by  the  operating  system. 


Figure  8.  Measuring  end-to-end  loss  between  connectors  in  a 
point-to-point  fiber-to-the-curb  installation. 

When  measuring  end-to-end  loss,  care  must  be  taken  to 
understand  what  components  are  included  in  the  loss 
measurement.  Depending  on  how  it’s  measured,  the  loss  may  or 
may  not  include  the  end  connectors.  For  example,  one  method  for 
measuring  the  end-to-end  loss  of  a  single-mode  installation  consists 
of  connecting  a  reference  single-mode  test  jumper  to  the  source  and 
a  multimode  "photon  bucket"  fiber  to  the  receiver  to  get  a 
reference  power  reading,  P„,  (Figure  da).  The  installed  test  fiber- 
path  is  then  inserted,  and  the  test  power  Pm  measured  (Figure 
4b).  The  measured  loss  Lr)u  equals  Pnj-P,,*.  If  the  reference 
fiber  is  identical  to  the  test  fiber  and  the  loss  of  the  reference 
connection  (L,)  the  same  as  the  teat  connection  at  the  detector 
(L|<),  then  the  measured  loss  includes  the  test  fiber,  splices  and  one 
connection  (£«).  For  a  more  accurate  measurement,  the  loss 
should  be  measured  in  both  the  A  to  B  and  B  to  A  directions  and 
the  readings  averaged  for  each  fiber-path. 

Because  a  photon  bucket  fiber  may  not  detect  the  presence  of  a 
defective  connector  at  the  receive  end  of  the  outside  plant,  a 
single-mode  jumper  is  frequently  used  instead  of  the  photon  bucket 
jumper. 


photon  bucket 

,  .  test  jumper 

reference  test  i 

jumper  \  pn, 
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Lr 

(a)  reference  measurement 


source 

i  test  fiber  i 

detector 

P  . \  i 

location  A  7  \  T  \  location  B 


Li,  splices  Lti 

Lmtu “  P rf/“  P if  ft 

(b)  test  fiber  measurement 

Figure  4.  A  method  for  measuring  end-to-end  loss. 

The  measured  loss  Lmu  is  called  the  path  Ion.  For  AT&T’s 
current  loop  distribution  system,  the  path  loss  must  be  less  than 
6.6  dB  at  1310  nm  in  any  environment,  whether  it’s  buried  or 
underground  (15*  to  170 * F),  normal  aerial  (-10*  to  170 * F)  or 
extended  aerial  (-40*  to  170  *F).  This  6.6  dB  value  should  be 
further  reduced  at  the  time  of  installation  to  include  a  margin  for 
future  repair  splices.  This  will  insure  conformance  to  the  6.6  dB 
path  loss  requirement  even  after  making  future  repair  splices.  Two 
repair  splices  should  be  budgeted  for  each  type  of  splice  used  to 
build  the  plant. 
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In  addition  to  simply  insuring  that  the  path  loss  is  less  than  the  6.8 
dB  system  requirement  (minus  an  allowance  for  repair  splices),  the 
measured  path  toss  can  also  be  compared  against  a  completion  test 
target.  This  target  is  the  maximum  expected  loss  for  the  fiber 
length  and  number  of  splices  and  connectors  in  a  particular  route. 
It  is  tailored  for  each  fiber  path  and  computed  from  loss 
parameters  for  the  fiber  and  each  component  in  that  path.  For 
example,  the  completion  test  target  for  a  3.86  km  buried  route 
containing  four  passive  splices  and  a  connector  on  either  end  (the 
equivalent  of  one  connection)  might  be:  3.66  kmX0.5  dB/km  + 
4X0.25  dB/splice  +  0.6  dB  «  3.43  dB.  Rather  than  use 
completion  test  targets,  which  typically  vary  for  every  fiber-path, 
field  technicians  are  usually  content  with  meeting  the  6.6  dB 
system  path  loss  requirement, 

REFLECTANCE  TESTING 

When  constructed  with  high  quality  components,  there  is  a  low 
probability  that  reflectances  will  cause  system  failure.  So,  routine 
reflectance  testing  is  not  justified.  However,  for  those  wanting  to 
make  such  tests,  two  predominant  methods,  The  "coupler 
method"  (sometimes  also  called  Optical  Continuous  Wave 
Reflectometry)  measures  the  total  reflectance  from  the  fiber  and  all 
components.  The  second  method  is  to  use  an  OTDR  to  measure 
the  reflectance  from  individual  components.  AT&T’s  system  does 
not  require  maximum  individual  component  reflectances,  but 
rather  a  maximum  cumulative  reflectance  from  all  the  components 
including  the  fiber. 

The  Coupler  M  -hod 

The  coupler  method  uses  an  optical  source,  detector,  and  coupler 
to  measure  the  total  reflectance  caused  by  crosstalk  within  the 
coupler,  fiber  backscatter,  and  component  reflectances.  Shown  in 
Figure  5,  this  arrangement  is  first  calibrated  by  holding  the  test 
connector  against  a  mirror  to  reflect  all  the  incident  power  back  to 
the  power  meter.  (Other  techniques  are  discussed  in  EIA/TIA- 
455-107.)  This  power  is  then  used  as  a  reference  for  comparing 
other  powers  reflected  when  the  test  connector  is  connected  to  the 
test  fiber-path.  To  obtain  a  valid  measurement,  the  far  end  of  the 
fiber-path  should  be  properly  terminated— preferably  with  the 
system  optical  interface  line  unit  card. 

Because  attenuation  increases  with  distance  along  the  fiber-path, 
the  measured  total  reflectance  is  more  sensitive  to  reflectances  near 
the  input  than  to  similar  reflectances  farther  away.  Clearly,  the 
nearest  connection  is  the  one  between  the  test  jumper  and  the 
fiber-path  under  test.  Consequently,  a  worn  or  damaged  test 
connector  may  produce  an  erroneous  reflectance  measurement. 

AT&T’s  bidirectional  POTS  transmission  system  can  tolerate  a 
total  reflectance  of  -25  dB  at  1310  nm.  This  level  keeps  the  signal 
to  interference  ratio  better  than  6.5  dB,  which  equates  to  a  1  dB 
crosstalk  power  penalty  for  a  PIN  detector.!10!  If  the  reflectance 
exceeds  this  level,  an  OTDR  is  used  to  identify  the  offending 
component(s). 


test  test 

jumper  fiber-path 

coupler  p - »— — □  O — ■* — 


Figure  5.  The  coupler  method  for  measuring  total  reflectance. 


Although  OTDRs  have  the  capability  for  measuring  and  locating 
component  reflectances,  they  are  not  yet  designed  nor  commonly 
used  for  this  purpose.'11!  When  making  such  measurements,  care 
must  be  taken  to  insure  that  the  fiber’s  backscatter  level  before 
the  reflectance  is  significantly  higher  than  the  OTDR’s  noise  floor 
and  that  the  reflectance  peak  is  not  clipped  by  the  OTDR’s 
receiver.  Having  established  this  precaution,  the  OTDR  must  still 
be  calibrated.  The  calibration  might  be  the  Rayleigh  backscatter 
computed  for  a  particular  fiber  type  and  OTDR  pulse,  or  a  Fresnel 
reflectance  of  known  magnitude.!15!  Even  after  making  such  a 
calibration,  individual  component  reflectances  cannot  always  be 
measured  directly  because  the  measured  reflectance  is  the  sum  of 
the  component  reflectance  plus  the  fiber’s  backscatter.  and  these 
must  be  separated  mathematically  using  the  equation:!1’! 

CR  ■»  r+  101ogio(100'5"—  J) 

where: 

CR  —  Component  Reflectance  in  dB, 
r  -  backscattering  coefficient,  and 
m  m  OTDR  reflectance  measurement  in  dB  which, 
because  of  the  way  OTDR  losses  are  calibrated,  is  half  the 
true  reflectance  height. 

The  r  value  depends  on  fiber  ,ype,  measurement  wavelength,  and 
the  OTDR  pulse  width  used  to  measure  the  reflectance  height.  For 
the  widely  used  depressed  clad  fiber,  the  r  value  at  1310  nm  for  a  1 
p sec  pulse  is  -49.2  dB.  Therefore,  if  a  reflectance  is  measured  at  5 
dB  above  backscatter  (Figure  6),  the  component  reflectance  using 
the  previous  equation  is  -39.7  dB. 


Figure  6.  Measuring  component  reflectance  with  an  OTDR. 

SHORT  WAVELENGTH  OPERATION 
When  operated  below  its  cutoff  wavelength,  a  "single-mode"  fiber 
behaves  as  a  step-index  multimode  fiber  carrying  two  or  three 
modes.  Interest  in  operating  single-mode  fibers  at  short 
wavelengths  (780  to  850  nm)  has  arisen  because  of  the  widespread 
availability  of  inexpensive  audio  compact  disc  (CD)  lasers,  which 
can  be  purchased  for  less  than  $5  in  large  quantities.!14!  Although 
more  expensive  when  equipped  with  single-mode  connectors  or  fiber 
pigtails,  CD  lasers  offer  the  prospect  for  economy  and  volume 
production  that  may  never  be  attained  with  long  wavelength 
sources. 

At  low  data  rates  over  the  short  distances  that  characterize  the 
local  loop,  the  higher  loss  and  reduced  bandwidth  (because  of 
modal  distortion!16!!14!  and  chromatic  dispersion)  of  single-mode 
fiber  at  short  wavelengths  is  not  a  serious  limitation.  Some  local 
loop  systems  have  already  been  installed  and  are  operating  at  short 
wavelengths. I6!!17!  The  next  generation  SLC  offering  will  likewise 
use  short  wavelength  for  POTS  and  1310  nm  for  video.!1*! 

The  potential  economies  of  short  wavelength  transmission  can  be 
fully  exploited  if  it  docs  not  entail  extensive  additional  testing 
burdens  on  fiber  manufacturers  and  installation  technicians.  This 
can  be  done  by  characterizing  fiber,  splices  and  connectors  at  short 
wavelengths  and  then  using  this  information  to  establish  780  nm 
loss  budgets  so  that  the  1310  nm  budget  will  be  more  restrictive. 
In  this  way,  installations  that  meet  the  1310  nm  loss  budget  will, 
with  high  assurance,  meet  the  780  nm  loss  budget — thereby 
precluding  the  need  for  short  wavelength  field  measurements. 
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At  wavelengths  longer  than  the  Tiber's  cutoff  wavelength,  only  the 
fundamental  LP oi  mode  propagates.  As  wavelength  decreases,  the 
second  order  LPit  mode  starts  traveling  and  increases  the  launch 
power  several  dBs.  At  even  shorter  wavelengths,  the  third  order 
mode  group,  comprised  of  the  LP2l  and  LPm  modes,  starts  to 
propagate  and  increases  the  transmitted  power  by  another  couple 
of  dBs. 

The  third  mode  group  is  loosely  bound  and  may  be  present  or 
absent  depending  on  the  length,  curvature,  and  cutoff  wavelength 
of  the  Tiber.  For  example,  third  order  mode  power  present  on  a 
short  Tiber  length  may  not  be  present  on  a  long  Tiber.  This 
phenomenon  introduces  a  transient  loss  (Figure  7)  that  causes  the 
fiber  to  exhibit  a  nonlinear  length  scaling  similar  to  what  occurs  in 
multimode  fibers  when  excited  with  a  non-steady  state  modal 
power  distribution.  The  normalized  loss  in  dB/km  will  therefore 
be  unrealistically  high  because  detectable  third  order  power  exits 
the  short  2  meter  cutback  length  but  not  the  long  length.  To 
extinguish  the  third  order  mode  power  through  the  short  strap,  an 
appropriate  mode  suppression  loop  is  used.  Figure  7  shows  how 
the  presence  of  this  loop  causes  the  Tiber  loss  to  scale  linearly  with 
length — accomplishing  the  same  objective  as  the  mode  filters  used 
when  measuring  multimode  fibers.  Extensive  single-mode  Tiber 
measurements  using  this  loop  shows  an  average  780  nm  loss  of  2.7 
dB/km. 

780  nm 
Loss  (dB) 


Figure  7.  780  nm  loss  versus  length  for  a  single-mode  Tiber  having 
a  1310  nm  cutoff  wavelength. 

Joint  Loss 

An  optical  joint  (splice  or  connector)  disrupts  the  modal  power 
distribution  in  a  Tiber.  Power  in  the  first  order  mode  may  couple 
into  second  and  third  order  modes,  and  power  in  the  second  order 
mode  may  couple  into  the  first  and  third  order  modes.  Because  the 
third  order  power  excited  at  a  joint  may  or  may  not  propagate  to 
the  end  of  a  long  fiber,  this  power  cannot  be  expected  to  be  present 
at  the  receiver.  Consequently,  short  wavelength  joint  losses,  like 
the  fiber  itself,  should  be  characterized  based  on  two  mode 
propagation.  Measurements  on  over  100  joints  using  mode 
suppression  loops  before  and  after  the  joint  show  that  780  nm  joint 
losses  are  typically  32%  higher  than  1310  nm  losses  with  a 
correlation  coefficient  of  0.92. 

Component  Reflectances 

Although  not  substantially  affected  by  the  presence  of  two  or  three 
modes,  reflectances  at  connectors  and  mechanical  splices  are 
several  dBs  larger  at  short  wavelengths  than  at  long.  Possible 


explanations  for  this  are  that  the  index  matching  gel  produces  a 
greater  mismatch  to  the  fiber  at  short  wavelengths  or  that  short 
wavelengths  more  acutely  discriminate  the  submicroscopic 
imperfections  and  changes  in  refractive  index  induced  at  the  fiber 
junction.  Short  wavelength  systems  can  be  economically  designed 
to  tolerate  these  higher  reflectances. 

End-to-End  Testing 

If  the  end-to-end  loss  of  an  installed  route  is  measured  at  780  nm 
using  the  method  outlined  in  Figure  4,  but  with  a  mode 
suppression  loop  in  the  reference  test  jumper,  then  the  measured 
loss  will  be  no  greater  than  the  completion  test  target  computed 
using  fiber  and  component  loss  values  based  on  two  mode 
propagation.  This  occurs  because  power  coupled  from  the  first  and 
second  order  modes  into  the  third  order  mode  at  joints  could 
produce  some  third  order  power  at  the  detector.  Because  this 
extra  power  was  deliberately  excluded  from  the  joint 
characterizations,  the  short  wavelength  completion  test  target  will 
be  a  conservative  upper  bound  on  the  installed  system’s  loss. 

CONCLUSIONS 

With  point-to-point  loop  distribution  fiber  topologies  such  as  those 
used  in  a  star  architecture,  field  testing  methods  and  procedures 
are  identical  to  those  used  in  inter-office  and  loop  feeder  trunks. 
Splices  can  be  tested  as  usual  with  the  most  popular  methods  being 
the  OTDR  and  local  detection  techniques.  When  performed  at  the 
system  operating  wavelength,  end-to-end  loss  tests  reveal  whether 
the  system  loss  budget  has  been  met. 

The  full  economies  of  short  wavelength  transmission  can  be 
realised  if  it  does  not  require  extensive  additional  testing  by  the 
fiber  manufacturer  or  the  installation  technicians.  If  the  1310  nm 
loss  budget  is  more  restrictive  than  the  780  nm  requirement,  then 
installations  that  meet  the  1310  nm  requirement  will,  with  high 
confidence,  meet  the  780  nm  loss  budget — precluding  the  need  for 
short  wavelength  field  testing. 
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AJiatrasl 

An  identification  method  using  a  local-light 
injection  and  detection  coupling  system  is 
developed.  This  method  can  identify  a 
transmission  fiber  rib'oon  in  a  6.3  Mb/s 
system  without  disturbing  its  operation.  The 
relation  of  bending  fiber  radius  to  both  local- 
light  injection  and  detection  coupling 
efficiencies  is  shown.  This  method  can  be 
used  for  distances  of  up  to  21  km  at  a 
bending  radius  R=7  mm.  Also,  transfer 
splicing  loss  can  be  estimated  using  this 
coupling  system. 

1. Introduction 

In  subscriber  optical  cable  re-routing  or 
replacement,  an  optical  fiber  cable  transfer 
splicing  system  that  enables  the  rapid 


transfer  splicing  of  existing  operating  fiber 
cables  to  newly-installed  ones  has  been 
proposed^X^)  In  order  to  achieve  transfer 
splicing  at  two  construction  points  such  as 
manholes,  it  is  necessary  to  identify  the 
working  fiber  efficiently  and  evaluate  the 
success  or  failure  of  the  transfer  splicing  by 
the  use  of  local-light  injection  and  detection. 
However,  no  identification  method  for 
transmission  operation  lines  has  been  studied 
thoroughly. 

This  paper  proposes  an  optical  system  for 
the  identification  of  operational  fibers  with 
local-light  injection  and  detection,  and 
examines  the  identification  performance. 


Fiber  transfer  splicing  Fiber  transfer  splicing 


Point (fl) 


Point  (B) 


Fig.  1  Optical  fiber  cable  transfer  splicing  system  configuration 
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2.1  System  configuration 

Figure  1  shows  the  optical  fiber  cable 
transfer  splicing  system  configuration.  This 
system  is  composed  of  optical  fiber 
connectors,  fiber  transfer  splicing  equipment, 
synchronous  control  equipment  and 
identification  equipment.  A  Mechanically 
Transferrable  (MT)  optical  fiber  connector 
consists  of  a  pair  of  plastic  ferrules,  two 
guide-pins  and  a  clamp  spring  as  shown  in 
Fig.  2.  The  connectors  are  used  to  join  4-  or 
8-fiber  ribbons  containing  1.3  pm  zero- 
dispersion  fibers.  Transfer  splicing 

equipment  is  used  for  rapid  transfer  splicing 
from  an  existing  optical  fiber  connector  to  a 
newly-installed  one.  Synchronous  control 

equipment  is  used  to  control  the  two  transfer 
splicing  devices.  Identification  equipment  is 
used  to  classify  the  transferred  optical  fiber 
ribbon.  This  equipment  is  explained  below. 

2u2 . Required  ..function 

The  identification  system  utilizes  a  local- 
light  injection  and  detection  coupling  system. 
As  shown  in  Fig.l,  the  identification  light  is 
injected  into  an  existing  fiber  ribbon  using  a 
local  injector  at  splicing  point  (A)  and  is 
detected  using  a  local  detector  at  splicing 
point  (B)  by  bending  the  fiber  ribbon. 


Ftg.2  Mechanically  Transferrable  optical 
connector  structure 


Next,  the  method  of  identification  flow 
between  splicing  points  is  shown  in  Fig.  3. 
The  identification  procedure  is  :(1)  At 
splicing  point  (A),  the  fiber  to  be  transfer 
spliced  is  selected  from  among  the  operating 
fibers.  It  is  bent  and  an  identification  light  is 
injected  into  it.  (2)  At  splicing  point  (B),  the 
fiber  is  confirmed  by  the  identification  light 
radiating  from  the  bend  and  the  identification 
light  power  (LI)  is  measured.  (3)  At  splicing 
point  (A),  the  newly  installed  fiber  is  selected 
and  the  identification  light  is  injected  into  the 
fiber  end  face.  (4)  The  same  fiber  is 
determined  at  splicing  point  (B).  (5) 

Mechanically  transferrable  optical  fiber 
connectors  are  mounted  on  a  transfer  splicing 
machine  and  rapid  synchronous  transfer 
splicing  from  the  existing  connectors  to  the 
new  ones  is  accomplished.  (6)  After 
splicing,  the  identification  light  power  level, 
(L2),  is  measured.  (7)  The  success  or  failure 
of  the  transfer  is  evaluated  from  the 
difference  between  LI  and  L2.  From  this 

identification  flow,  the  required  identification 
functions  are  the  classification  of  transferred 
optical  fiber  ribbons,  line  number 
confirmation  for  4-  or  8-fiber  ribbons  and  the 
evaluation  of  the  success  or  failure  of  the 
transfer. 

3.Pesien_  of  Identification.  System 
3.1  Local-light_iniectiQn  system 

The  fiber  bending  radius  was  studied,  using 
the  experimental  set-up  shown  in  Fig.  4,  with 
regard  to  the  local  injection  coupling 
efficiency  qu  at  wavelengths  of  1310  nm  and 

1550  nm.  The  local  injection  coupling 
efficiency  tili  is  given  by 

=  ^LI2  "  ^lii 

Where  PLI1  is  the  local  injection  optical 
power  and  PLI2  is  the  detected  power  from 
the  fiber  end  face.  The  results  are  shown  in 
Fig.  5.  It  can  be  seen  that,  as  the  bending 
radius  is  reduced  or  the  optical  wavelength  is 


736  International  Wire  &  Cable  Symposium  Proceedings  1990 


increased,  the  local  injection  coupling 
efficiency  tiLI  increases. 


Figure  6  shows  the  experimental  set-up  for 


measuring  the  local  detection  coupling 


efficiency  tild.  PLD1  is  the  detected  optical 


power  level  from  a  bent  fiber.  PLD2  is  the 


detected  power  level  from  a  fiber  end  face. 
The  local  detection  coupling  efficiency  11 LD  is 


the  value  of  the  optical  attenuator  adjusted  so 
that  it  becomes  PLD2=PLDi-  The  results  are 

shown  in  Fig.  7.  As  the  bending  radius  is 
reduced  or  the  optical  wavelength  is 
increased,  the  local  detection  coupling 
efficiency  tild  increases. 
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Selective  level 
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Fig.6  Set-up  for  measuring  local 
detection  coupling  efficiency 


Bending  radius  R  (mm) 

Fig. 7  Dependence  of  local  detection  coupling 
efficiency  on  bending  radius 


Fig.  8  Relation  between  bending  radius  and 
coupling  efficiency 


Fig.9  Calculated  values  of  bending  radius 
and  available  distance 


3.3  -  D'  of  local-light  injection  and 
detection  system 

The  relation  of  bending  fiber  radius  with 
coupling  efficiency  between  local-light 
injection  and  detection  is  shown  in  Fig.  8.  It  is 
found  that  the  coupling  efficiency  is 
dependent  on  the  fiber  bending  radius.  For 
the  identification  system,  the  relation 


between  available  distance  n  and  coupling 
efficiency  t|  is  given  by 

1  +  ’Ild  (2) 

^min  <^>out  +  T) '  n  ^  ^ 

where  Pmjn  is  the  minimum  received 
optical  power,  PQut  is  the  light  source  output 
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power  and  d  is  the  optical  line  loss.  Based  on 
equation  (3)  and  Fig.  8,  the  relation  between 
bending  radius  and  available  distance  is 
estimated  using  the  parameter  values  shown 
in  Fig.  9.  The  available  distance  is  2 'km  if 
the  bending  radius  is  7mm  and  the 
identification  light  wavelength  is  1550nm. 

4.  Line  Number  Confirmation 

Figure  10  shows  the  local  injection  and 
detection  identification  characteristics.  A 
6.3Mb/s  optical  signal  at  1310nm  and  a  1550 
nm  wavelength  identification  light  modulated 
with  270Hz  are  transmitted.  It  is  found  that 
the  identification  light  can  be  detected  by  this 
proposed  method.  Figure  11  shows 

experimental  results  on  the  effect  of 
identification  lights  with  wavelengths  of 
1310nm  and  1550nm  on  a  6.3Mb/s 
transmission  operation  system  at  a 
wavelength  of  1310nm.  The  difference 
between  the  operation  signal  power  and  the 
identification  signal  power  necessary  to 
maintain  an  error  rate  of  below  10' ^  was 
over  lldB  at  1310nm  and  over  5dB  at 
1550nm. 

For  the  purpose  of  line  number 
confirmation  for  4-  or  8-fiber  ribbons,  a 
shutter  covering  half  the  fiber  surface  is 
placed  between  the  photo-diode  and  the  fiber 
ribbon  in  the  local  detector.  The 

identification  light  is  transferred  into  the  top 
or  bottom  fiber  and  the  line  number  is 
confirmed  by  the  difference  between  detected 
optical  power  levels  when  the  shutter  is  in 
place  or  removed. 

5. Transfer  Splicing  Loss  Evaluation 

In  order  to  evaluate  the  transfer  splicing 
loss  of  an  individual  fiber  in  a  fiber  ribbon,  it 
is  necessary  that  the  injection  light  is  scanned 
across  the  width  of  fiber  ribbon.  The  relation 
between  the  injection  light  source  scanning 
time  and  local  detection  level  is  shown  in  Fig. 
12.  It  is  found  that'  the  identification  light 
can  be  detected  by  the  optical  power  radiated 


Frequency  (Hz) 

Fig. 10  Local-light  injection  and 
detection  identification  characteristics 
for  6.3  Mb/s  transmission  operation 
system 


Pouier  difference  P$-Pi|(dB) 

Fig.  1 1  Effect  of  identification  light  on  a  6.3 
Mb/s  transmission  operation  system 
(operation  light  poiuer:P$,  identification  light 
potuer:Pu) 
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from  each  fiber.  A  comparison  between  the 
end  face  injection-detection  measurement  and 
the  local  injection-detection  measurement  for 
the  transfer  splicing  loss  at  two  points  is 
shown  in  Fig.  13  .  The  deviation  of  loss 
difference  for  both  measurement  systems  was 
0.2dB.  This  confirms  that  transfer  splicing 
loss  can  be  measured  with  this  system. 


0  8  16  24  32  40 


Scanning  time  (ms) 

Fig.12  Relation  between  injection  light 
scanning  time  and  local  detection  power 


Fig.  1 3  Deuiation  of  loss  difference  between 
end  face  injection  and  detection  and 
local-light  injection  and  detection. 

Rue.— 0.006  dB, 0-0.091  dB,  N-24. 


6.Conclusion 

An  identification  method  for  operational 
optical  fiber  lines  with  an  optical  fiber  local- 
light  injection  and  detection  coupling  system 
is  proposed.  It  is  confirmed  that  the 
identification  light  power  does  not  disturb  the 
6.3Mb/s  transmission  operation  system.  The 
transfer  splicing  loss  can  be  estimated  using 
this  system  and  this  method  can  be  used  for 
distances  of  up  to  21  km  at  a  bending  radius 
R=7  mm  The  identification  performance  is 
confirmed  to  be  excellent. 
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A  NEW  SHEATH  EVALUATION  TECHNIQUE  FOR  SELF-SUPPORTING 
OPTICAL  FIBRE  CABLES  ON  OVERHEAD  POWER  LINES 

L.A.  Dissado*,  M.J.  Parry*,  S.V.  Wolfe",  A.T.  Summers",  C.N  Carter* 


*  STC  Technology  Ltd,  Harlow,  UK,  “  STC  Telecoms,  Newport,  UK. 

*  National  Grid  Research  &  Development  Centre,  Leatherhead,  UK. 


Self-supporting  aerial  optical  fibre  cables, 
offer  a  cost  effective  solution  for  a  digital 
telecommunications  network  on  high  voltage 
power  transmission  lines. 

A  new  accelerated  test  method  for  evaluating 
the  electrical  degradation  resistance  of  the 
sheathing  materials  for  aerial  cables  is 
presented.  The  degradation  mechanism  and  the 
environmental  factors  governing  this 
degradation  are  discussed,  together  with  the 
relationship  between  the  acceleration  factor 
and  service  performance . 

Using  details  of  the  installation  geometry 
and  other  service  conditions,  it  is  possible, 
using  Weibull  statistics,  to  make  estimates 
of  the  sheath  lifetime,  and  field  trials  have 
confirmed  the  validity  of  such  estimates. 


L _ Iattpdustjqn 

Since  the  advent  of  optical  fibres,  the 
possibility  of  Installing  non-metallic ,  self- 
supporting  aerial  optical  fibre  cables  on 
high  voltage  transmission  lines  has  been 
investigated.  In  Europe,  many  such  systems 
have  been  in  successful  operation  for  several 
years  on  a.c.  power  line  routes  up  to  132  kV. 
These  early  cables  were  mostly  polyethylene 
sheathed,  and  although  some  electrical 
degradation  due  to  the  electric  field  around 
the  high  voltage  transmission  line  was 
anticipated,  none  was  seen.  As  a  result  of 
the  successful  operation  on  132  kV  lines, 
Installation  on  much  higher  voltage  'trunk' 
lines  (400  kV)  have  recently  been  considered 
as  a  means  of  Installing  new  digital 
telecommunications  networks . 

The  cost  of  Installing  any  new 
telecommunications  network  is  very  high 
especially  across  rugged  terrains,  with  the 
highest  proportion  of  the  costs  being  for  the 
installation.  Self-supporting  aerial  cables, 
such  as  the  Fibrespan  system  manufactured  by 
STC  offer  a  cost-effective  solution  for  a 


digital  telecommunications  network.  These 
cables  can  be  installed  easily  along  live 
transmission  routes  over  spans  of  up  to  1  km. 

With  a  degradation  resistant  sheathing 
material  the  applications  for  aerial  optical 
fibre  cabins  expand  enormously.  In 
underdeveloped  countries  where  an  integrated 
power  distribution  network  usually  exists, 
but  telecommunications  networks  tend  to  be 
poor,  a  single  aerial  cable  could  be  easily 
Installed  on  the  existing  power  distribution 
network.  This  would  give  up  to  12  optical 
fibre  pairs,  each  capable  of  handling  7,000 
simultaneous  telephone  calls  at 
565  Mbits/s.  Elsewhere,  electricity 
generating  companies  have  the  possibility  of 
installing  their  own  internal  telephone/data 
transmission  network.  Extra  capacity  can  be 
used  for  alarm  circuits,  closed  circuit 
television  surveillance  of  unmanned 
installations  and  future  expansion  or  it  can 
be  leased  to  telephone  or  cable  television 
companies. 

\ 

STC  has  been  working  to  replace  polyethylene 
with  new  cable  sheathing  materials  which  are 
resistant  to  the  effects  of  dry  band  arcing. 
This  paper  describes  a  new  test  method  for 
assessing  such  materials  for  aerial  optical 
fibre  cables,  which  simulates  the  observed 
service  degradation  closely  and  quantifies 
the  resistance  to  degradation  by  dry  band 
arcing.  This  paper  also  describes  how  data 
generated  from  the  tests  may  be  used  to 
quantify  the  reliability  of  a  cable  shoath 
for  a  system  of  known  operational  parameters. 


2.  ihfiJteghflnlam  .of  Pry 
Sand  Arsing 

Any  aerial  optical  cable  installed  on  a  high 
voltage  transmission  route  will  be 
capacitively  coupled  between  the  line  and 
earth.  As  a  consequence  of  this  a  voltage  is 
induced  onto  the  surface  of  the  cable.  In 
the  dry,  the  high  resistance  (sis  10ls  O/m) 
of  the  cable  does  not  allow  a  current  to 
flow,  so  no  electrical  degradation  occurs. 
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During  periods  of  rainfall,  the  cable  surface 
becomes  uniformly  wet  and  the  resistance  of 
the  cable  drops,  (*»  1  x  10*  O/m)  and  a 
current  can  therefore  flow  in  the  water  film 
on  the  surface  of  the  cable.  When  the 
rainfall  stops,  this  current  produces  a  Joule 
heating  effect  and  begins  to  dry  the  cable 
out.  In  a  new  cable  with  a  hydrophobic 
surface,  droplets  form  which  become  polarised 
in  the  electric  field,  creating  a  field 
enhancement  which  leads  to  electrical 
discharges.  As  the  cable  becomes  weathered 
by  these  electrical  discharges  and  the  local 
climatic  conditions,  the  surface  becomes  more 
hydrophilic  and  the  individual  droplets  of 
water  become  a  continuous  film.  It  is  at 
this  stage  that  the  phenomenon  known  as  dry 
band  arcing11'31  begins  to  become  the  dominant 
factor  in  the  electrical  degradation  of  the 
aerial  cable  sheath. 

Joule  heating  in  this  continuous  film  of 
water  begins  to  dry  off  the  cable  until  a 
discrete  dry  band  is  formed.  As  this  dry 
band  has  a  resistance  many  orders  of 
magnitude  greater  than  anything  else  in  the 
system,  the  total  available  voltage  is 
dropped  across  the  dry  band  resulting  in  an 
electrical  discharge. 

When  the  cable  is  totally  wet  it  has  a 
distributed  resistance  along  its  length,  with 
the  resistance  to  earth  decreasing  as  the 
earthed  clamp  is  approached.  Hence  the 
maximum  current  flowing  in  the  system  is 
immediately  adjacent  to  the  earthed  clamp 
attaching  the  cable  to  the  transmission  tower 
(Flg.l).  The  maximum  degradation  is 
therefore  expected  at  this  point.  This  has 
been  confirmed  by  cables  that  have  failed  in 
field  trials  where  the  electrical  degradation 
always  occurs  very  close  to  the  earthed 
clamp. 


The  crucial  period  for  dry  band  arcing  la 
therefore  during  drying,  although  some 
limited  discharging  could  occur  during 
wetting.  The  area  of  sheath  underneath  the 
discharge  is  subjected  to  very  high 
temperatures  during  arcing  activity,  and  it 
is  this  high  temperature  which  causes 
degradation  to  occur.  In  the  case  of 
polyethylene  melting  is  followed  by 
oxidatlon/lgnltion.  A  degradation  resistant 
compound  with  enhanced  high  temperature 
performance  will  not  exhibit  a  bulk  melting 
behaviour  and  will  consequently  possess  a 
lifetime  in  severe  environments  which  is 
considerably  in  excess  of  a  simple 
thermoplastic  sheath  material  such  as 
polyethylene . 

A  range  of  sheath  materials  incorporating 
mineral  fillers  has  been  developed  for  such 
applications131,  which  are  resistant  to  the 
intermittent  high  temperature  excursions 
typical  of  dry  band  arcing.  The  long  term 
behaviour  of  these  materials  can  vary 
considerably  depending  on  their  detailed 
formulation,  and  therefore  it  is  essential  to 
match  the  suitability  of  any  sheath  material 
with  a  given  application  in  question.  The 
performance  of  degradation  resistant 
materials  has  been  compared  using  standard 
tests  such  as  the  comparative  tracking  index 
(CTI),4>  or  the  salt  fog  test*51.  However,  it 
is  noticeable  that  the  observed  degradation 
in  comparative  tests  occurs  fairly  uniformly 
across  the  cable  sample  implying  that  the 
degradation  mechanism  in  CTI  and  salt  fog 
tests  differs  from  that  occurring  in  the 
field.  Therefore  while  these  tests  can 
sometimes  rank  the  materials  qualitatively, 
it  is  essential  to  carry  out  a  more  rigorous 
quantitative  evaluation  of  sheath  material 
suitability  if  the  cable  is  to  be  installed 
in  systems  rated  above  132  kv,  or  in  double 
circuit  systems  rated  below  132  kV  but  with 
unfavourable  phasing. 


Distance  from  midspan  position,  m 


l-V  characteristics  for  a  300  m  span,  400  kV  line 
Elgvtrs-l 
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3.  Development  of  a  Sheath  Degredstl on  Test 

In  order  to  develop  a  test  that  accurately 
simulates  the  degradation  mechanism  seen 
under  field  conditions,  It  Is  necessary  to 
establish  the  actual  operating  conditions  and 
the  local  environment  seen  by  the  system. 

Dry  band  arcing  Is  driven  by  the  capacitive 
coupling  of  the  optical  cable  to  the  field 
associated  with  the  conductors  of  the  HV 
line.  The  frequency  of  the  arcing  is  a 
direct  result  of  the  frequency  of  discrete 
rain  showers  or  other  forms  of  precipitation, 
which  can  vary  considerably  depending  on 
geographical  location. 

These  are  the  two  overriding  factors 
governing  the  electrical  degradation  of  an 
aerial  optical  cable  sheath.  The  accelerated 
degradation  test  must  therefore  simulate 
these  two  factors  as  closely  as  possible. 

3.1  Local  Field  Condition 

It  is  possible  to  determine  the  capacitlvely 
coupled  voltage  In  mid-span  associated  with 
high  voltage  conductors.  Several  software 
packages  have  been  developed  by  National  Grid 
Company  (formerly  the  UK  Central  Electricity 
Generating  Board)  and  others111  which  enable 
mld-spanvoltage  contour  maps  to  be  generated. 
The  magnitude  of  the  voltage  is  governed  by 
the  tower  dimensions  and  geometry  and  the 
line  to  earth  voltage.  The  situation  is 
complicated  still  further  when  double  circuit 
lines  are  considered.  The  capacitlvely 
coupled  voltage  can  vary  dramatically  with 
the  relative  conductor  phasing  of  the  two 
circuits. 

If  the  normal  nomenclature  for  the  three 
phase  angles  of  red,  yellow,  blue  Is  used 
then  favourable  phasing  would  be:  from  top  to 
bottom;  left  hand  circuit,  Red,  Yellow,  Blue; 
right  hand  circuit,  Blue,  Yellow,  Red. 
Unfavourable  phasing  would  be:  left  hand 
circuit,  Red,  Yellow,  Blue;  right  hand 
circuit,  Red,  Yellow,  Blue. 

For  a  typical  132  kV  double  circuit  system 
with  unfavourable  phasing  (Fig.  2)  the 
capacitlvely  coupled  voltage  at  the  mid  tower 
position  Is  of  the  same  order  as  that  found 
on  a  400  kV  double  circuit  system  with 
favourable  phasing  (Fig.  3).  Figures  4  and  5 
show  the  same  132  kV  double  circuit  system 
with  favourable  phasing  and  during  single 
circuit  operation  respectively. 

These  figures  show  the  large  variations 
possible  on  dual  circuit  systems  due  to 
phasing  arrangements.  They  also  show  the 
importance  of  selecting  the  optimum  clamping 
position  of  the  aerial  cable  to  minimise  the 
capacitlvely  coupled  voltage. 


Dual  cicult  132  kV  voltage  contour  map  unfavourable  phasing 

Figure  2 


lower 

potHkm 


Dual  circuit  400  kV  voltage  contour  map  favourable  phasing 

Figure  3 


position 

Dual  cicuit  132  kV  voltage  contours  map  favourable  phasing 

Figure  4 
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Dual  circuit  132  kV  voltage  ontour  map  (single  circuit  operation) 

axa . 5 


The  voltage  contour  maps  shown  In 
Figs  2-5  apply  In  mid-span,  between  two 
towers.  However,  distortion  of  the  voltage 
contour  lines  will  occur  as  the  earthed  tower 
Is  approached,  and  the  electric  field  along 
the  sheath  begins  to  Increase.  The  distance 
over  which  the  capacltlvely  coupled  voltage 
drops  to  earth  potential  depends  upon  the 
surface  resistivity  of  the  aerial  cable 
sheath.  Figure  1  shows  the  critical  distance 
as  a  function  of  surface  resistivity  for  a 
wet  cable1*1.  In  a  dry  cable,  the  sheath  Is 
highly  insulating  and  the  surface  resistivity 
is  extremely  large.  For  a  high  resistivity 
sheath,  this  critical  distance  is  between 
1  and  10  m.  The  voltage/current  relationship 
as  the  tower  is  approached  is  also  shown  as  a 
function  of  surface  resistivity  of  the  cable. 
These  parameters  are  of  particular  importance 
as  all  sheath  degradation  observed  to  date  In 
field  trials  and  in-service  cables  has 
occurred  within  extremely  close  proximity  to 
the  optical  cable  earthing  position 
(Fig.  6). 


Field  failure  of  polyethylene  sheathed  cable 


Fteuta-6 


It  Is  therefore  reasonable  to  assume  that  the 
worst-case  situation  is  where  all  the  mid¬ 
span  voltage  drops  off  over  the  1  m  of  cable 
adjacent  to  the  tower.  In  this  case  the 
local  field  close  to  the  clamp  would  have  the 
same  numerical  value  as  the  mid- span  voltage. 

The  mid-span  voltage  depends  upon  the 
proximity  of  the  optical  cable  to  the 
conductors.  Consideration  should  be  given  to 
the  face  that  this  distance  is  not  fixed,  and 
that  tt  optical  cable  could  approach  the 
conductors  more  closely  during  high  winds  or 
in  high  ice  loading  conditions. 

3.2  Emuftnsx  of  .Dry  Bind  Arcing 

Most  dry  band  arcing  occurs  at  the  end  of  a 
period  of  rain,  and  therefore  one  period  of 
arcing  can  be  equated  with  one  rain  period. 
This  is  a  convenient  way  of  accelerating 
possible  degradation  in  a  laboratory 
situation,  providing  average  local  rainfall 
behaviour  for  the  intended  cable  location  is 
known.  It  should  be  emphasized  that  one  long 
period  of  rain  has  the  same  severity  as  one 
short  ralnshower. 

4.  Laboratory  Test 

An  accelerated  electrical  degradation  test 
has  therefore  been  devised  based  on  the  above 
considerations.  It  was  not  possible  to 
capacltlvely  couple  the  teat  samples  to  a 
high  voltage  test  line  and  instead  short 
lengths  of  cable  (10-20  cm)  were  directly 
coupled  between  a  high  voltage  transformer 
and  earth,  using  simple  annular  electrodes. 
The  test  sample  is  therefore  subjected  to  s 
constant  electrical  field  (applied 
voltage/electrode  spacing) .  The  magnitude  of 
this  field  is  equivalent  to  the  maximum  field 
seen  by  a  capacltlvely  coupled  cable,  (i.e. 
the  mid-span  voltage  being  dropped  across  the 
last  metre  of  cable).  From  the  voltage 
contour  plots  the  maximum  field  seen  by  a 
cable  in  service  is  of  the  order  of  12-15 
kV/m.  To  accelerate  the  electrical 
degradation,  fields  of  20-60  kV/m  have  been 
used  for  all  of  the  laboratory  tests. 

Dry  band  arcing  is  induced  by  subjecting  the 
cable  samples  to  an  intermittent  water  spray 
regime.  Acceleration  is  achieved  by 
increasing  the  number  of  drying  cycles 
compared  with  the  service  climate  seen  by  the 
cable.  A  typical  accelerated  spray  regime 
comprises  spray  duration  of  two  seconds  at 
two  minute  intervals.  The  acceleration 
factor  can  be  estimated  from  local  climatic 
monitoring  and  would  be  approximately  1000 
times  for  a  typical  UK  service  environment. 
Figure  7  shows  a  schematic  diagram  of  the 
laboratory  test  facility. 
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5.  Data  Analysis 


Figure  ? 


Although  capacitive  coupling  Is  not  used  in 
this  test,  the  directly  coupled  test  samples 
all  exhibit  degradation  typical  of  that  seen 
in  service,  but  on  an  accelerated  timescale. 

A  cable  sample  is  judged  to  have  failed  when 
sheath  degradation  has  proceeded  to  a  stage 
where  the  central  cable  core  is  just  exposed, 
but  no  significant  degradation  of  the  core 
itself  has  occurred  (Fig.  8).  For  the 
results  to  have  statistical  significance,  ten 
samples  of  each  sheathing  material  are  tested 
at  each  of  the  electrical  fields  used. 


Laboratory  sample  tested  to  failure 
(filled  sheath) 


Figure  9 


Weibull  statistics  have  been  used  to  analyse 
sets  of  data  from  the  accelerated  tests  under 
constant  field  conditions.  A  typical  set  of 
data  for  a  sheath  material  is  shown  in 
Fig.  9.  The  failure  time  along  the  x  axis 
refers  to  the  accelerated  test  time.  This 
can  be  expressed  in  real  service  life  by 
multiplying  by  the  acceleratlc  factor. 

The  Weibull  analysis  yields  the 
characteristic  time  to  failure,  rc  (63X 
probability  of  failure) ,  and  the  shape  of  the 
plot,  p. 

A  series  of  plots  at  different  fields  such  as 
that  shown  in  Fig.  9  can  be  expressed  in 
terms  of  a  field/lifetime  plot  in  real 
service  time  by  plotting  the  field  as  a 
function  of  r0  multiplied  by  the  acceleration 
factor.  One  such  plot  for  a  sheath  material 
is  shown  in  Fig.  10.  This  actually 
represents  the  failure  time  for  one 
termination,  but,  in  order  to  assess  service 
performance,  the  critical  parameter  is  the 
time  to  first  failure  of  N  terminations  or 
N/2  spans.  This  can  be  estimated  providing 
the  average  field  close  to  the  clamp  is  known 
together  with  rc  and  fi  at  that  field.  The 
median  time  to  the  first  failure  is  obtained 
by  equating  the  Weibull  failure  probability 
function: 

Pr(t)  -  1-expf  -(t/r0(E))*  1 

where  t  is  the  time  to  failure 

r„  (E)  is  the  characteristic  time  at  a 
given  field 

P  is  the  Weibull  shape 

parameter 


Combined  Weibull  plot  for  polyethylene 


Figure  9 
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with  the  median  ranking  probability  for  the 
first  failure  and  solving  for  the  time.  The 
time  to  second  and  subsequent  failures  can  be 
estimated  in  a  similar  manner.  Standard 
techniques  also  exist  for  determining  the 
confidence  limits  on  these  calculations. 


Figure  10 


As  an  example,  using  the  data  in  Figure  10, 
the  estimated  lifetime  of  polyethylene  in  a 
50  span  system  is  36  years  at  3  kV  and 
5  months  at  15  kV. 

Clearly  the  accuracy  of  such  estimations 
depends  not  only  on  the  accuracy  and  scatter 
of  such  laboratory  test  data,  but  also  on  the 
accuracy  with  which  the  systen  parameters  can 
be  obtained.  The  magnitude  of  the  electrical 
field  around  the  transmission  tower  can  only 
be  predicted  from  a  mathematical  model. 
Attempts  have  been  made  in  the  past  to 
directly  measure  the  electric  field  around 
transmission  towers,  but  the  low  impedance  of 
the  measuring  system  (compared  with  that  of 
air)  has  affected  the  field  giving  unreliable 
results.  Data  monitoring  in  present  and 
future  field  trials  will  lead  to  other 
measurements  of  the  electrical  environment  of 
the  tower.  The  climatic  conditions  however 
can  be  accurately  measured. 

STC  currently  has  a  trial  span  on  a  400  kV 
dual  circuit  line  on  the  West  coast  of 
Scotland  to  confirm  laboratory  generated 
tests.  A  datalogger  has  been  set  up  on  this 
trial  and  is  monitoring  14  environmental  and 
electrical  conditions  on  and  around  the 
cable.  This  line  is  reputed  to  be  the  most 
severe  in  the  UK,  both  in  terms  of  the 
electrical  environment  (small  towers, 
unfavourable  phasing)  and  the  climatic 


conditions.  At  STL  in  Harlow,  England,  a 
precipitation  detector  has  been  set  up  to 
back-up  the  information  from  the  field  trial. 
This  detector  monitors  the  total  number  of 
rainfall/preclpltatlon  periods,  which  will  be 
used  to  give  a  more  accurate  value  for  the 
acceleration  factor  for  the  UK. 

An  acceleration  factor  for  any  global 
location  can  therefore  be  determined  from  a 
knowledge  of  the  local  climatic  conditions. 
Lifetimes  can  be  estimated  from  this  and  by 
calculating  the  mid-span  voltage  of  the 
transmission  line  in  question  from  the 
contour  plot  programme. 


6.  Results 

6.1  Polyethylene  Model 

The  test  method  was  initially  used  to 
determine  the  degradation  resistance  of 
polyethylene  sheathed  aerial  cables.  The 
objective  of  this  work  was  to  define  a  model 
for  the  observed  degradation,  using  a 
material  for  which  field  data  was  available. 

Electrical  degradation  measurements  were 
carried  out  at  three  fields,  30,  40  and 
60  kV/m.  For  polyethylene,  the  dry  band 
crcing  caused  severe  local  melting  of  the 
sheath  which  eventually  ignited  causing 
failure  of  the  sample.  Weibull  analysis  of 
these  results  as  described  in  the  example  in 
section  5  above  was  carried  out,  and  the 
results  compared  with  field  data.  An  early 
polyethylene  sheathed  cable  on  a  400  kV 
transmision  line  (15  kV/m)  failed  after  nine 
months  in  service.  The  time  to  first 
failure,  predicted  from  the  Weibull  analysis 
at  this  field  was  5  months.  This  close 
correlation  between  the  predicted  failure 
time  and  the  field  failure  time  increased  the 
confidence  in  the  test  method  and  has  led  to 
the  identification  of  alternative  sheathing 
materials. 


6.2  Alternative  Sheathing  Material 

There  are  both  mechanical  and  electrical 
requirements  for  aerial  optical  cable 
sheathing  materials.  Mechanical  properties 
are  important  for  Installation  considerations 
such  as  stringing  tension.  Retention  of 
mechanical  properties  at  high  temperatures  is 
also  important  especially  in  tropical  and 
sub-tropical  installations. 

A  number  of  different  filled  materials  have 
been  assessed  at  60  kV/m.  Figure  11  compares 
the  degradation  results  of  three  filled 
materials  with  polyethylene.  The  filled 
materials  all  have  a  considerably  higher 
value  of  rc  than  polyethylene,  but  the 
importance  of  the  shape  parameter  j}  can  also 
be  seen  by  comparing  materials  A  and  C. 
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Comparison  of  sheath  degradation  rate  of  different  materials 

Figure  11 

Material  C  has  a  much  higher  value  of  the 
shape  parameter  than  material  A,  this 
Increases  the  time  to  first  failure 
considerably.  The  narrow  distribution 
associated  with  material  C  also  leads  to 
smaller  error  bars  around  the  distribution, 
thus  leading  to  greater  accuracy  in  the 
predicted  lifetimes. 

Material  C  also  has  the  best  mechanical 
properties,  sheath  grip  and  high  temperature 
performance  of  the  three  materials 
investigated.  This  material  is  currently 
being  used  for  the  UK's  first  commercial 
installation  aerial  optical  fibre  cable. 


6.3  Lin?  Eaalpmenfc 

A  similar  approach  has  also  been  made  in 
assessing  the  effects  of  line  equipment  on 
the  electrical  degradation  resistance  of 
aerial  cable.  The  clamping  system  used  to 
connect  the  aerial  cable  to  the  transmission 
towers  (suspension  clamp) ,  consists  of  spiral 
steel  wires,  coated  with  a  grit  layer  on  the 
underside  to  assist  the  gripping  of  the 
sheath. 

Electrical  degradation  tests  at  60  kV/m  were 
carried  out  using  polyethylene  sheathed 
aerial  cable,  but  with  the  simple  annular 
earth  electrode  replaced  with  half  a 
suspension  clamp.  It  was  thought  that  the 
individual  wires  of  the  suspension  clamp 
would  give  a  stress  enhancement  to  the 
electric  field  and  lead  to  shorter 
degradation  times.  The  actual  results  were 
considerably  better  than  those  obtained  with 
the  simple  annular  electrode.  Figure  12 
compares  the  electrical  degradation 


distribution  of  polythylene  sheathed  aerial 
cable,  with  and  without  suspension  clamps. 
This  effect  is  now  thought  to  be  due  to  the 
clamp  producing  a  graded  field  which  reduces 
the  rate  of  degradation. 


Cumulative 

fraction 

failed 


Comparison  of  Weibull  distribution  for  PE  with  and 
without  suspension  clamps 

Figure  12 


7.  Cpnclvtglong 

A  test  technique  and  analytical  procedure 
have  been  developed  to  enable  a  quantitative 
comparison  of  degradation  resistance  of 
aerial  optical  cable  sheath  materials  and 
accessories  to  be  made.  An  estimate  of 
sheath  lifetime  can  be  made  using  details  of 
the  installation  geometry  and  other  service 
conditions,  and  the  validity  of  the  estimate 
has  been  confirmed  by  field  trials.  The 
technique  is  also  used  in  assessing  the 
optimum  tower  clamping  position  for  an  aerial 
cable  in  a  specific  service  environment. 

The  testing  and  analytical  procedure  has  been 
employed  by  STC  in  the  development  of  the 
Fibrespan  cable  and  its  associated 
Installation  technology.  This  has  enabled 
the  Fibrespan  system  to  be  used  with 
confidence  in  severe  combined  electrical  and 
climatic  conditions,  confirming  its 
suitability  for  an  extremely  large  range  of 
applications  world-wide. 
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Abstract 

Lightning  can  and  does  damage  buried 
optical  fiber  cable.  In  the  recent  past, 
many  researchers  have  attempted  to 
optimize  a  simulated  lightning  test  method 
as  a  means  of  characterizing  the 
electrical  parameters  of  the  optical  fiber 
cable.  This  paper  presents  the  results  of 
a  test  method  developed  to  more  accurately 
control  the  environment  around  the  target 
cable  sample.  The  current  levels  for  the 
test  ranged  from  80  -  200  kA.  The 
mechanical  damage  and  the  thermal  damage 
to  the  cable  sample  were  analyzed 
separately  and  led  to  the  conclusion  that 
the  mechanical  damage  outweighs  the 
thermal  damage  under  most  test  conditions. 
The  effects  of  the  sand  mesh  size, 
moisture  content  level,  and  the  distance 
of  the  discharge  electrode  from  the  target 
cable  sample  are  reported  in  terms  of  how 
they  affect  the  repeatability  of  the  test 
method.  Conclusions  have  also  been  drawn 
about  the  heat  of  fusion  parameter  for 
various  shield  materials,  which  could  be 
useful  in  optimizing  cable  design. 


Introduction 

Laboratory  experiments  using  simulated 
lightning  surges  and  actual  field 
experience  indicate  that  lightning  can 
damage  buried  optical  fiber  cables  which 
contain  metallics  in  the  core  or  the 
sheath.  The  damage  to  the  cable  can  range 
from  a  small  pinhole  in  the  outer 
polyethylene  jacket  to  fiber  attenuation 
increase  or  breakage.  Based  both  on 
experimental  and  field  data,  it  is 
hypothesized  that  the  damage  mechanisms 
are  crushing,  dielectric  breakdown  to  near 
earth,  thermal  effects  and  arcing  between 
metallic  components  of  the  cable. 

At  the  time  the  research  was  undertaken, 
the  existing  method111  for  simulated 
lightning  tests  on  optical  fiber  cable  had 


yielded  inconsistent  results.  The  results 
being  monitored  were  sheath  damage  and 
post  surge  fiber  continuity.  The  existing 
method  utilized  a  box  with  inside 
dimensions  of  915  mm  x'915  mm  x  1220  mm 
into  which  the  optical  fiber  cable  sample 
was  inserted.  The  box  was  filled  with 
sand  so  as  to  bury  the  cable  sample,  then 
water  was  added  to  the  sand  until  the  sand 
was  saturated.  An  electrode  was  inserted 
horizontally  into  the  box  such  that  its 
tip  was  about  25.4  mm  from  the  target 
sample .  The  sample  was  then  surged  with  a 
decaying  envelope  oscillatory  current 
waveform  with  a  time  to  half  value  of 
about  50-80  Us.  The  current  waveform  was 
monitored  for  each  test  and  appeared  to  be 
very  consistent.  A  typical  waveform  is 
shown  in  Figure  1.  Table  I  provides  the 
mathematical  equation  for  such  a  surge  and 
statistically  compares  theoretical  values 
with  those  found  experimentally. 

The  inconsistent  results  found  from  the 
tests  were  attributed  to  variations  in  the 
impedance  of  sand  medium  between  the 
discharge  electrode  and  the  target .  This 
would  affect  the  transduction  efficiency 
of  the  electrical  energy  into  mechanical 
and  thermal  energies  which  cause  damage  to 
the  cable.  Possible  contributions  to  the 
inconsistent  results  were: 

(a)  Sand  regularity  or  grain  size, 

(b)  Moisture  content  or  moisture  gradient, 

(c)  Impurities  or  ionic  content  of  water, 

(d)  Electrode  distance  to  target  and 

(e)  Target  sample  orientation  with  respect 
to  electrode. 

To  study  the  effects  of  each  of  these 
parameters,  a  new  test  method  was  devised 
and  testing  was  done  in  three  phases, 
these  being  exploratory,  moisture  level 
threshold  determination  and  correlation 
between  the  "spherical"  and  the  "sandbox” 
methods.  This  test  method  permits 
accurate  control  of  the  sand  medium 
parameters . 
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(t)  :  instantaneous  current  (Amps)  at  time  t  (sec) 
:  initial  voltage  on  capacitor  C  (fds) 

:  inductance  of  circuit  L  (H) 

:  resistance  of  circuit  (ohms) 

:  frequency  of  oscillation 
ti  :  time  to  first  peak  (sec) 

t2  *  time  to  half  value  of  envelope  (sec) 


TEST  PARAMETER  STATISTICS  -  LIMITS 


Test 

Factor 

C 

L 

R 

£l 

t2 

I(tj)/E 

Ckt . 

|ifd 

ph 

n 

kHz 

ps 

Measure 

A 

Mean 

10.28 

12.21 

0.261 

14.3 

83.0 

0.764 

Std.Dev. 

0.13 

0.015 

0.0 

3.7 

0.014 

B 

Mean 

10.28 

9.54 

0.256 

16.2 

67.7 

0.843 

Std.Dev. 

0.12 

0.006 

0.1 

1.2 

0.009 

C 

Mean 

8.22 

9.90 

0.258 

17.8 

67.7 

0.738 

Std.Dev. 

0.11 

0.004 

0.1 

0.8 

0.013 

D 

Mean 

12.85 

7.93 

0.198 

15.9 

71.8 

1.034 

Std.Dev. 

0.12 

0.006 

0.1 

1.6 

0.020 

E 

Mean 

12.85 

6.02 

0.175 

18.2 

61.9 

1.158 

Std.Dev. 

0.12 

0.007 

0.2 

2.0 

0.033 

F 

Mean 

12.85 

8.04 

0.331 

16.1 

49.5 

0.879 

Std.Dev. 

0.01 

0.005 

0.0 

0.5 

0.009 

G 

Mean 

12.85 

4.96 

0.116 

20.0 

72.4 

1.353 

Std . Dev . 

0.08 

0.007 

0.2 

3.2 

0.027 

Stand.  Limit 

16-30 

50-80 

I(ti)/E 

Calculate 

0.761 

0.844 

0.759 

1.046 

1.196 

0.918 

1.391 
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I  =  64kA  Time  To  Half  Value  =  68.7  ns 

Freq.  =  18.4  kHz  I  H  1.1  X  10E+5  A  .s2 
Figure  1  -  Typical  Simulated  Lightning  Waveform  Characteristics. 


X 10E+3 


Test . Ehase  I  -  Exploratory 

The  objective  in  this  phase  of  testing  was 
to  study  the  thermal  impact  of  simulated 
lightning  surges  by  controlling  sand  mesh 
size,  water  type  and  the  surge  electrode 
distance.  A  polyethylene  spherical 
subassembly  of  203  mm  diameter,  3.2  mm 
wall  thickness,  was  manufactured  with 
holes  in  it  to  accommodate  the  target 
sample  and  the  surge  electrode.  The 
spherical  sub-assembly  was  mounted  on  a 
polyethylene  cylinder  (with  a  6.4  mm  wall) 
to  facilitate  its  fastening  and  location 
in  the  sandbox.  Due  to  concerns  about 
explosion,  the  sphere  was  installed  in  the 
sandbox  and  the  sandbox  was  filled  with 
regular  sand  to  buffer  any  explosion.  The 
electrical  circuit  to  create  the  simulated 
lightning  and  the  connection  of  the  target 
mstallics  to  the  return  were  as  for  the 
original  sandbox  method.  Metallic  tubes 
were  used  as  surge  samples  instead  of 
cables  (refer  to  Figure  2) .  This  was  done 
to  eliminate  the  variability  associated 
with  the  physical  configuration  of  optical 
cables . 


Weight  loss  was  selected  as  an  accurate 
indicator  of  thermal  damage.  Tin,  lead 
and  aluminium  tubes  (outside  diameter  20 
mm)  were  tested.  Due  to  the  thinner  wall 
thickness  of  the  aluminium  tubes,  1.6  mm, 
compared  to  3.2  mm  of  tin  and  lead,  the 
mass  loss  was  only  significant  in  the 
aluminium  material.  Aluminium  targets 
were  utilized  exclusively  for  this  phase 
of  testing  at  surge  currents  of  140  kA  to 
160  kA. 

Pure  silica  sand  was  utilized  for  all  the 
tests  conducted.  The  first  variable  to  be 
tested  was  the  sand  mesh  size.  Dry  sand 
was  employed  and  the  mass  loss  results  for 
35#  and  125#  mesh  size  are  given  in  Table 
IX  and  Figure  3.  It  should  be  noted  that 
a  reconstruction  technique  had  to  be  used 
to  determine  the  mass  loss  as  distinct 
from  target  material  loss  due  to 
mechanical  damage  or  sharding.  Marginally 
more  thermal  damage  ana  more  consistent 
results  were  found  with  the  finer  mesh 
125#  sand  than  with  the  35#  sand. 
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Figure  3a  :  Data  For  Drv  Fine  d25#)  Sand 
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RECONSTRUCTED  WEIGHT  LOSSES  FOR  FINE  SAND, 
WITH  NO  WATER  AND  NO  SALT,  PROBE  SET  AT  2.54  cm 


Target  ML(g) 

# 

MLavg 

I(kA) 

I2t(E+6)  T1/2(E-6) 
(kA)2.sec  (sec) 

V  (kV) 

F  (kHz) 

a 

0.39 

0.38 

148.4 

0.7899 

98.76 

118.8 

19.07 

b 

0.39 

0.38 

155.7 

0.8749 

98.25 

122.6 

18.99 

c 

0.36 

0.38 

156.5 

0.8594 

94.75 

118.3 

19.11 

d 

0.37 

0.38 

156.9 

0.8513 

95.25 

122.0 

19.19 

e 

0.33 

0.38 

157.2 

0.8677 

94.75 

123.1 

19.19 

f 

0.39 

0.38 

157.7 

0.8873 

96.25 

122.6 

19.23 

g 

0.41 

0.38 

159.0 

0.8793 

97.27 

123.0 

19.23 

RECONSTRUCTED  WEIGHT  LOSSES  FOR  COARSE  SAND, 

WITH  NO  WATER  AND  NO  SALT,  PROBE  SET  AT  2.54  cm 

• 

Target 

# 

ML  (g) 

MLavg 

I(kA) 

I2t (E+6)  T1/2(E-6) 
(kA)2.sec  (sec) 

V  (kV) 

F  (kHz) 

i 

0.36 

0.34 

153.0 

0.8431 

95.75 

122.2 

19.11 

ii 

0.42 

0.34 

153.1 

0.8098 

88.75 

122.5 

19.11 

iii 

0.32 

0.34 

153.3 

0.8252 

93.75 

123.2 

19.19 

iv 

0.30 

0.34 

153.4 

0.8322 

95.75 

122.9 

19.19 

V 

0.31 

0.34 

154.0 

0.8271 

95.75 

122.6 

19.07 

vi 

0.37 

0.34 

155.1 

0.8461 

91.75 

121.2 

19.15 

vii 

0.31 

0.34 

155.4 

0.8481 

95.25 

123.0 

19.15 

viii 

0.31 

0.34 

155.7 

0.8374 

94.75 

123.1 

19.19 

ix 

0.42 

0.34 

155.9 

0.8325 

92.27 

122.9 

19.11 

X 

0.40 

0.34 

156.6 

0.8378 

93.75 

121.9 

19.19 

Legend:  ML:  Mass  Loss  Of  Target, 

I:  Current, 

I2t:  Energy  Of  Surge, 
t1/2:  Half-time  Of  Surge, 

V:  Voltage  Reading  Of  Surge, 
F:  Frequency  Of  Arc. 
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With  the  addition  of  de-ionized  water  to 
the  sand  in  the  sphere  at  two  distinct 
saturation  levels,  problems  were 
encountered  with  repeatability.  Mechanical 
damage  was  noted  to  overshadow  the  thermal 
counterparts  and  later  reconstruction  was 
not  possible  with  100%  and  50%  saturation 
levels.  Erratic  surge  current  path  was 
noted  in  terms  of  split  strike  or  strike 
along  the  sphere  wall.  Int- reducing  an 
impurity  of  5%  NaCl  with  similar  levels  of 
saturation  did  not  yield  any  significant 
differences . 

The  surge  electrode  distance  was  varied 
from  25.4  mm  to  12.7  mm  and  resulted  in 
inconsistent  thermal  damage  at  the  reduced 
distance . 


Test  Phase  II  -  Water  Level  Threshold 
Determination 

The  goal  for  the  second  testing  phase 
included  the  threshold  determination  for 
the  water  content  level  in  the  sand  at 
which  sufficient  thermal  damage  imparted 
to  the  target  would  be  evident  in  a 
repeatable  fashion.  In  addition,  polymer 
coated  Electrolytic  Chrome  Coated  Steel 
(ECCS)  sheathing  material  for  optical 
cable,  0.152  mm  thickness,  was  also 
employed  as  the  target.  The  ECCS  was 
longitudinally  formed  (uncorrugated)  into 
20  mm  diameter  tubes,  to  characterize  the 
mass  loss  vs  surge  current  as  was  done  for 
the  aluminium  in  the  previous  phase. 
Further  aluminium  targets  with  slightly 
thinner  walls  (0.889  mm)  were  also  tested. 

In  order  to  minimize  the  previously 
encountered  problems  of  erratic  strikes, 
primarily  under  moist  sand  conditions,  the 
polyethylene  spheres  were  enlarged  from 
203  mm  to  254  mm  diameter.  The  target 
orientation  was  also  altered  from  vertical 
to  horizontal  mount  and  the  surge 


electrode  was  introduced  from  above.  For 
practical  reasons  the  sandbox  was  reduced 
in  size  to  460  mm  x  460  mm  x  370  mm  inside 
dimensions.  The  test  set-up  is  depicted 
in  figure  4.  Since  35#  sand  is  more 
readily  available  than  the  125#,  this 
grade  of  sand  was  utilized  for  testing. 
The  surge  electrode  was  positioned  25.4  mm 
away  from  the  target. 

Testing  was  performed  on  sub-assemblies 
containing  moisture  levels  of  100%,  50%, 
33%  and  25%  saturation.  It  was  noted  with 
the  100%  and  50%  saturated  samples,  as 
with  the  samples  tested  in  phase  I,  that 
mechanical  damage  appeared  to  be 
consistent,  but  that  the  thermal  damage 
appeared  insignificant  and  could  not  be 
determined.  Moisture  levels  of  33%  and 
25%  yielded  what  appeared  to  be  consistent 
thermal  and  mechanical  damage.  Inspection 
of  those  samples  indicated  that  minimal 
reconstruction  of  samples  was  necessary  in 
both  of  these  cases.  Figures  5  to  9 
depict  the  results  obtained  in  this  test 
phase.  It  is  interesting  to  note  that  the 
sphere  size  used  eliminated  the  need  for 
the  sand  contained  in  the  larger  sandbox, 
since  there  was  no  sign  of  the  spheres 
splitting  or  exploding  even  at  the  full 
saturation  levels. 

In  the  steel  tube,  the  threshold  surge 
current  for  mechanical  damage  was  observed 
at  approximately  40  kA.  Thermal  damage, 
monitored  by  mass  loss,  was  observed  to 
become  significant  at  approximately  the  65 
kA  level.  The  material  was  noted  to 
undergo  a  steep  incline  in  thermal  damage 
from  this  current  value  through  to  the  120 
kA  range  where  a  levelling  effect  was 
noted  through  to  the  150  kA  region.  The 
test  results  are  shown  in  figure  10. 

A  plot  of  the  mass  loss  for  the  various 
test  samples  vs  the  level  of  soil 
saturation  at  current  levels  of  105  kA  and 
85  kA  is  shown  in  figure  11. 


POWER  ATTACHMENT 
PLASTIC  SUPPORT  ROD 
RUBBER  PROBE  INSULATION 
RUBBER  STOPPER  FOR  SPHERE 
PROBE 

254  cm  0  POLYETHYLENE  SPHERE 
TARGET  (INTO  PLANE)  IS 
DIRECTLY  GROUNDED 
PURL  SILICA  SAND 
CORK  SUPPORT  TOR  SPHERE 


X-SECTION  -  FRONT  VIEW 


X-SECTION-  SIDE  VIEW 


Figure  4  :  Test  Set-Up  For  Phase  II  Testing 
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Based  on  the  test  results  on  aluminium  and 
steel  materials,  it  is  hypothesized  that, 
for  a  given  target  material  composition  of 
known  cross-sectional  area,  a  critical 
current  exists  at  which  material  fusion 
(and  therefore  mass  loss)  will  occur141. 
The  mass  loss  will  increase  thereafter  to 
a  finite  plateau  level  at  which  the 
majority  of  the  excess  energy  is 
translated  into  further  physical  damage  to 
the  target. 

The  critical  current  is  unique  for  each 
target  material's  composition  and  is 
determined  from  the  equation  (1) ; 

S 

A 

where  S  is  the  fusion  factor  of  the  metal, 
I0  is  the  critical  current,  A  is  the 
target's  cross-sectional  area  (within  as 
yet  undetermined  limitations)  and  T1/2  is 
the  time  to  half  value  of  the  surge 
current.  A  plot  of  the  current  vs  mass- 
loss  for  a  particular  material  should, 
therefore,  resemble  the  graph  shown  in 
figure  13.  The  plot  of  the  fusion  factor 
vs  the  temperature  of  fusion  for  some 
known  materials,  including  aluminium  and 
steel  shielding  material,  is  given  in 
figure  14. 


The  steel  shielding  material  was  observed 
to  have  the  onset  of  thermal  damage  at 
approximately  65  kA  in  dry  sand.  The  plot 
obtained  for  mass-loss  vs  current  for 
(figure  10)  this  material  appeared  to 
follow  the  hypothetical  plot  (figure  13) . 
The  temperature  of  fusion  for  this 
material  is  quoted  as  being  1206°  C.  The 
calculated  fusion  factor  value  corresponds 
with  the  one  obtained  by  extrapolating  the 
plot  in  figure  14. 

The  steel  material,  however,  was  observed 
to  undergo  significant  mechanical  damage 
at  the  lower  current  levels,  i.e.  prior  to 
the  onset  of  appreciable  thermal  damage. 
Mechanical  damage  was,  furthermore, 
observed  to  increase  markedly  as  current 
levels  were  increased.  Thermal  damage  can 
be  considered  a  minor  contributor  compared 
to  the  physical  or  mechanical  damage 
resulting  from  the  surge  current  impact  on 
the  targets  tested. 

Field  experience  indicates  that  the  damage 
due  to  lightning  is  not  restricted  to  only 
mechanical  damage  at  the  primary  impact 
point,  as  was  observed  in  the  two  test 
methods.  In  actual  field  conditions, 
thermal  damage  is  observable  at  the 
primary  lightning  entry  location  on  the 
cable  as  well  as  longitudinally  for  some 
distance  on  both  sides  of  the  impact 
point.  This  raises  a  concern  that  the 
present  test  methods  do  not  adequately 
reflect  the  damaging  mechanisms 
encountered  in  the  field  for  buried  plant. 


Figure  13  :  Hypothetical  Plot  For  Current  vs.  Mass  Loss 


International  Wire  &  Cable  Symposium  Proceedings  1990  761 


1  10  100 
S  -  Fusion  Factor 

•  Eigura-JL3  ;  Fusion, ..Factor  vs.  Temperature  Of  Fusion 


.Conclusion 

It  has  been  demonstrated  that  the  observed 
inconsistencies  in  the  simulated  lightning 
test  method  can  be  largely  overcome  by 
controlling  the  sand  medium  variables, 
e.g.  sand  mesh  and  moisture  content.  The 
sphere  subassembly  method  facilitates  easy 
and  cost-effective  control  of  these 
variables . 

There  is  good  correlation  between  the 
sandbox  and  the  spherical  subassembly 
methods  for  simulated  lightning  test  for 
the  optical  fiber  cable. 

The  dry  sand  medium  yields  the  most 
consistent  results  and  should  be 
considered  as  a  design  tool  for  comparison 
purposes.  However,  for  cable 
qualification,  the  real-life  moist 
conditions  must  be  reflected  in  the 
proposed  EIA/TIA  test  procedure121. 

To  assess  installed  cable  reliability,  a 
need  exists  within  the  industry  to  develop 
criteria  to  quantify  physical  damage 
imparted  by  simulated  lightning  strikes. 

At  moisture  saturation  levels  of  33%  and 
below,  the  thermal  damage  mechanisms 
played  a  significant  role.  Above  this 
value  the  mechanical  damage  prevailed. 
Field  data  indicates  that  significant 
thermal  damage  occurs  on  the  cable  at  the 
main  strike  location  and  the  current 
propagation  along  the  shield  causes 
thermal  damage  to  the  cable  symmetrically 
away  from  the  primary  strike  zone. 

The  fusion  factor  directly  relates  to  the 
current  threshold  for  thermal  damage  in 
optical  cable  shielding  materials.  When 
designing  cables  material  choices  can  be 
optimized  with  respect  to  the  fusion 
factor  to  yield  maximum  lightning 
protection.  This  needs  further 
development . 
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